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Abstract

PICOSECOND PHOTOLUMINESCENCE
FROM SEMICONDUCTORS
UNDER STATIC AND DYNAMIC STRESS

by

SHUN LEE

Advisor: Professor R. R. Alfano

In this thesis, picosecond laser generated shock waves are used to apply stress
to a semiconductor. The effects of dynamic (shock) compression on the semicon-
ductors Gallium Selenide, Cadmium Selenide, and Gallium Arsenide are studied
using photoluminescence techniques. The stress dependence of the radiative life-
times in Gallium Arsenide is also studied with time resolved photoluminescence

experiments.

In the shock compression experiments on Gallium Selenide, the spontaneous
and stimulated photoluminescence is attributed to an exciton exciton scattering
mechanism. The shock compression changes the band gap. The line broadening is

related uniquely to the transient nature of shock compression.

The shock profile has been measured in shock compression experiments on
Cadmium Selenide. The time evolution of the stress components from a shock

wave propagating along the [001] direction in Gallium Arsenide is obtained from



the splittings and shifts of the photoluminescence spectra. The first observation of

shock compression of a Gallium Arsenide quantum well along its growth direction

has been observed.

Static uniaxial compression experiments are performed to study the hole
dynamics in Gallium Arsenide. Three major strain effects have been observed in
this time and frequency resolved photoluminescence experiment. The lines associ-
ated with the two topmost valence subbands shift with stress. The stress depen-
dence of the effective mass causes an enhancement of the absorption coefficient.
The photoluminescence has a nonexponential time dependence. The bimolecular
recombination coefficient B is independent of stress, while the recombination con-
stant A has the stress dependence of the matrix elements. It is found that the effec-

tive lifetime of the vl holes decreases as a function of stress.
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I. Introduction

1.1 Thesis Statement

In this thesis, the effects of dynamic stress on the semiconductors Gallium
Selenide (GaSe), Cadmium Selenide (CdSe), and Gallium Arsenide (GaAs) are
investigated using a pump-probe photoluminescence technique. Using this novel
technique, shock compression effects that can be observed are:

(1) the picosecond laser generated shock wave duration;
(2) the time behavior of the stress components of the shock wave. and
(3) the motion of the semiconductor lattice behind the shock front, and its influ-

ence on the carrier dynamics.

The application of static compressive uniaxial stress is expected to change the
carrier dynamics. In this thesis, the lifetimes of the holes in GaAs and its depen-
dence on static compressive uniaxial stress are studied using energy and time

resolved photoluminescence spectroscopy.



1.2 Introduction to Thesis

Over the past three decades, systems composed of semiconductor materials
have attracted a tremendous amount of experimental and theoretical investigations.
Stress, which is defined as the force per unit area, is an useful concept in describing
the dynamics of 3-dimensional systems. Studies of stressed semiconductors not
only provide information about the behavior of semiconductors under stress but also
help to improve the theoretical understanding of unstressed semiconductors (see for
example the reviews by Paul,! Hamann,2 Poliak,3 Murri er. al..* Martinez,5 Jayara-
man® and Pollak’ ). An introduction 10 static stress and its influence on the elec-

tronic properties of semiconductors is given in chapter II of this thesis.

Stress in a semiconductor can be generated in many ways; from stressing the

8

sample between two levers® or two diamonds.® to stress from the difference in

9 or lattice spacings.!® Another way of applying stress is to

expansion coefficients
generate shock waves. A shock wave is characterized by a shock front. A shock
front is a narrow boundary moving with supersonic speed which separates a region
under stress from the original unstressed region (see figure 1.2.1). Shock waves are
described in chapter III of this thesis. One method of generating shock waves is to

use ultrafast laser pulses.“'l2 An introduction to laser generated shock waves is

given in chapter III of this thesis.

In this thesis, picosecond laser generated shock waves are used for dynamic

compression of the semiconductors GaSe, CdSe, and GaAs. Stress causes changes
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Figure 1.2.1. Schematic representation of a shock wave. The shock front of both
the idealized (—) and the realistic (---) shock wave is propagating with speed Us

along the xy axis of a sample.



in the semiconductor lattice. This in turn causes the semiconductor band structure
as well as the associated wave functions to change. These stress induced changes
causes the photoluminescence (PL) to change. Using a pump probe PL technique,
these stress induced changes can be monitored. In addition to the band edge shifts
which have already been observed under static compression, new phenomena
unique to dynamic compression via shock waves can be observed. One such
phenomena is the evolution of the stress components parallel (longitudinal stress
component) and perpendicular (transverse stress components) to the direction of
shock propagation in a semiconductor lattice. The effects of shock compression on

GaSe. CdSe, and GaAs are discussed in chapter IV of this thesis.

This thesis is organized into six chapters. In the second chapter, there is an
introduction to static stress research together with the relevant mathematical back-
ground for stress and strain. This is followed by an introduction to the use of
shock waves as a method for applying stress with particular focus on using a laser
to generate the shock compression, in chapter I1. In chapter 1V, the results of PL
experiments of GaSe, CdSe, and GaAs under stress are presented. In section 4.2,
the effects of shock compression of GaSe are explained in the framework of an
exciton exciton scattering theory. In section 4.3, the shock profile in CdSe is
obtained from the shifts in the transitional energies under stress. This experiment
also suggests the possibility of monitoring both the longitudinal and transverse
stress components of the shock wave in GaAs. The main focus of this thesis is on

GaAs. In section 4.4, the determination of the time evolution of the transverse and



longitudinal stress components of the shock wave in GaAs is presented. In section
4.5, the hole dynamics in GaAs under static uniaxial compression which have been
studied via time resolved PL are presented. What has been leamn during this thesis
research are summarized in chapter V. Finally, possible future research suggested

by this thesis are indicated in chapter VI.



I1. Static Stress

2.1 Introduction

In the study of the dynamics of macroscopic objects, the forces applied to an
object are usually distributed over finite areas. It is therefore useful to introduce
the concept of stress (which is defined as the force per unit area). Typical units of
stress are lkbar = 0.1GPa= 10Nm™2= 10%ynecm™? = 1.45x10%psi =

1.45x10%b in~2 = 2.09x10%b f172 = 7.5x10%10rr = 7.5x10°mm Hg = 987atm.

Application of stress to an object results in deformation (and perhaps motion)
of the object. Consider for example the unstressed cubic isotropic object (with
dimensions L xL xL) which is shown in figure 2.1.1a, application of a uniform
stress (in the x5 direction) to the object causes the cubic solid to deform (see figure
2.1.1b). Under stress, the object’s new dimensions are
[L + AL1x[L + AL,|x[L + AL5}, where AL; = gL is the change in L along the i
axis and a new quantity known as the strain (g;;) has been introduced. Strain is the
_fractional change in the length in a object. Note!3 that a positive strain implies an
increase in the length of the object. The mathematical formulation of strain and

stress is described in detail in the next section (2.2).

Strain causes structural, electrical, and optical properties of semiconductors to

change. The various semiconductor properties which change under stress!'? are for

15-17

example: removal of degeneracies, shifts in the band edges,!8-23 and changes
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Figure 2.1.1. A schematic representation of a) unstressed and b) stressed object.



)14.24-32 of the electronic band structure. Other

in the curvatures (effective masses
effects of strain in a semiconductor include changes in the interband matrix ele-

ments,14:33.34 a5 well as changes of the vibrational modes.33-37

To obtain a physical picture of how strain influence the electronic and vibra-
tional properties of semiconductors, consider a semiconductor with a simple cubic
lattice. The lattice constant d) = d, = d3 = d, is determined by the minimum in
the potential energy of the semiconductor crystal (see figure 2.1.2a). Consider a
semiconductor stressed along the x5 axis, so that the new lattice constant along the
X3 axis is dy’ > d,. Under stress, the potential energy plotted as a function of the
x; (or x;) lattice constant (see figure 2.1.2b) still has the same general shape as
shown in figure 2.1.2a. In general, the minimum of the curve does not occur at d,
and the new lattice constant for the x; — x, planes then becomes d,"=d," =d,.
Therefore, there will be a decrease in the length along the x| (x,) axis ford, < d,.

(or conversely, an increase in length for d, > d,).

These changes in the lattice constants and lattice type (i.e., the original simple
cubic lattice is distorted into a tetragonal lattice) cause the electronic and vibrational
band structure to change. This is due to the dependence of the electronic and vibra-
tional band structure on the (lattice) potential. Consider the simplified example of a
chain of three ions (see figure 2.1.3a), the ion in the center is under the influence of
the force from the two end ions. For small deviations from the equilibrium posi-

tion, the restoring force (F or potential ¢) experienced by the central ion can be



¢4

Q-V

Figure 2.1.2a. A plot of the potential energy as a function of the lattice constant for

an unstrained crystal.



10

¢4

Figure 2.1.2b. A plot of the potential energy as a function of the lattice constant for

a strained crystal.
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approximated by F = kx = ~V¢. It is immediately obvious that when the separa-
tion between the ions decrease (see figure 2.1.3b), the restoring force (F’ or poten-
tial ¢’ ) on the central ion has been changed to F’'= kx = -V¢" This implies that
for a semiconductor under strain, the vibrational modes change (due to k" # k) and
the electronic band structure changes (due to ¢" # ¢). Of course, the situation in a
3-dimensional lattice is much more complicated but this physical picture is still

applicable.

This simple three ion chain model can be the basis for the analysis of a 3-
dimensional crystal. However, the number of coupled equations involved will be
tremendous and at present, impossible to solve (without simplifications). Research-
ers have therefore devised alternate schemes for calculating the band structure. One
enormously successful technique is to formulate a Hamiltonian for the semiconduc-
tor crystal using group theory. This approach is based on a very powerful idea.
Consider a system which have certain symmetries (e.g., the system rotated by 90° is
identical to the oniginal system), the equation(s) describing this system must also
have these symmetries, otherwise, the equation(s) do not accurately describe this
system.38 (Note,!3 the equation(s) must include the symmetry of the system but it is
possible for the equation(s) to possess more symmetry than the system.) Therefore,
the strain Hamiltonian can be written as the sum of products (of various operators
of interest) which are invariant under the symmetry of the system. For example,

H.=Y D,|L;, G, €,,], where L is the orbital angular momentum operator, G is
°

the spin angular momentum operator, §;; is the strain tensor, and D; are constants.

i
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(a) UNSTRESSED (b) STRESSED

Figure 2.1.3. Schematic representation of a) unstrained, and b) strained chain of

three ions.
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Using this technique, the strain Hamiltonians for cubic and wurzite lattices have
been constructed by Pikus,3® Kleiner and Roth,!5 Pollak,!® Suzuki and Hensel 2®

and Cho.20 For example, the strain Hamiltonians for zincblend materials are!®

H, = -a} [ €1+ €50+ 533] , (2.1.1a)
H,, = a}|e; + €n+ 533] + 3b} [e“ L? - %Lz + c.pA]
+ 234 [EIZ{L,, Ly}+ C.p.] , (2.1.1b)
and
Hp,, = 24} [el,+ €37+ €33 ] LG + 6b5 [e“ Lo, - %LG + c.p.]
+ 2V34} [e,z(L,a2 +L,0,) + c.p.] . (2.1.1¢)

where a;, ai, a%, b, b3, di, and d} are the deformation potentials, €;;'s are the
strain components, L and G are the orbital and spin angular momentum operators,
respectively. It is interesting to note that the strain Hamiltonians for the valence
band use the orbital and spin angular momentum operators instead of the total angu-
lar momentum operator (J). Using the total angular momentum operator in the con-

struction of the strain Hamiltonian implies that the coupling between the

[j = % Jy= %] and [j = ! Jy= -] wave functions can be neglected.
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The total Hamiltonian for zincblend materials can be written as!4

H=H +H,+H +H,, +Hg, +H, , (2.1.2)
where
2 2,2
H, = —’i—V2 + V(i) + ﬂ— + ﬁ-k-p . (2.1.3)
2m 2m m
A, _

H,,. is the exciton Hamiltonian, and A, is the spin-orbit splitting. From the strain
Hamiltonians 2.1.1a, 2.1.1b, and 2.1.1c and the spin-orbit interaction Hamiltonian
2.1.4, the stress induced shifts of the band edges can be calculated using perturba-

tion theory. This is described in detail in sections 4.3 and 4.4.

For certain experimental conditions, excitons can have a strong influence on
the experimental observations. The exciton part of the Hamiltonian can be written

as?!

H,, =Ef+ —2"‘-6,,-ac . (2.1.5)

where G, is the valence hole spin angular momentum operator, G, is the conduction
electron spin angular momentum operator, A,, is the spin exchange parameter, and
Ef* is the exciton binding energy. Note that Ef* in equation 2.1.5 can be stress
dependent. This effect will be seen in the shock compression experiments on GaSe
(section 4.2). For the CdSe and GaAs shock compression experiments, no excitons

are present and excitons effects need not be considered.



In the semiconductors GaSe, CdSe, and GaAs that are studied in this thesis,
there have already been experimental studies of the static stress dependence of the

band edges. In GaSe, the changes in the band edges have been studied using photo-

43 44

conductivity,42 absorption,”’> absorption and transmission,”* and absorption and
PL.%5 In CdSe, the changes in the band edges have been studied with the changes

in reflectance.#1-46 In GaAs, the changes in the band edges have been studied using

PL 22,23.4749 17,33

absorption,30 electroreflectance, and photoreflectance.'® In GaAs
quantum wells, biaxial strain has been used to apply a stress along the growth direc-

tion.3! These changes in the band edges will be the dominate feature of the shock

compression experiments described in chapter 4.

Strain effects can also influence carrier dynamics. The rate of photon emission
due to the transition of an electron from the conduction band to one of the valence

bands>? is

4e?

?;;CTEE_A <clépphv>|?, (2.1.6)

where E._, is the separation in energy between the conduction band and the
valence band, and | <c|ép{v> |? is the matrix element for dipole transition
from the conduction band to the valence band. It can be seen from equation 2.1.6
that the radiative lifetime is stress dependent via the matrix elements and E._,. The
principle reason for the stress dependence of the matrix elements is due to the

modification of the wave functions by the strain Hamiltonian. A specific example

of this is shown in appendix AS5. The stress dependence of the matrix elements has
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been seen33 from the intensity of the piezo-electroreflectance in GaAs. The stress
dependence of the hole lifetimes has been indirect inferred from line shape analysis
of resonance Raman scattering in GaAs.53:34 In this thesis, the stress dependence of

the lifetimes of the holes in n-GaAs will be studied using time resolved PL.
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2.2 Stress and Strain

In this section, the general theoretical background needed to understand
stressed semiconductors will be described. Stress and strain are useful concepts in
describing the dynamics of 3-dimensional systems. A "stress" (second rank) tensor

o,; describes the vector force £ relative to the normal vector of an area 2,
af' = OU aal . (221)

— @S 4 A s 1 ~
iy = 0;, + 0, where o; = [o,-j + c,,] 1s a

Note that this can be written as © =5

. 1 ) ) ) .
symmetrical tensor and 6% = — |0, — © is an anti-symmetrical tensor. Simi-
y i 2 iy iy y

larly, a "strain” (second rank) tensor =, relates the displacement vector & to a

corresponding position vector X,

ou'= Z. ox . (2.2.2)

':ij

i ; T ==5 =4 =s_1[= = i " e
This can be written as £, = & + Z{, where =) = > ["U + ._.,/] is a symmetrical

- 1 (- =1. . .
tensor and =) = £, — £, | is an anti-symmetrical tensor.

2 7

fm———

How a system elastically deforms under a force is described by the elastic
compliance tensor ¢,y (or the elastic stiffness tensor ¢;;;) which relates the stress

to the strain,

:'ij = Eijld OU . (2233)

or

0’,-] = C"IU Eu . (223b)
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Equation 2.2.3 describes the infinitesimal elastic deformation of a solid under
an applied stress (Hooke’s law). For finite deformations, the relationship between
an applied stress and the resultant deformation is no longer linear (i.e., expressions
involve a sum of products of 2,)). For large stress, the deformation is inelastic (i.e.,
removal of the applied stress does not totally remove the deformation). However,
for the magnitude of stress (<20kbar) that is applied in the experiments to be

described in chapter 4, equation 2.2.3 is sufficient.

If there are no torques on the system and rotations are not considered 3.5
then 6, =0, and S, = Z;, respectively. The elastic compliance tensor is also

symmetric. The stress tensor 0, is then redefine as
o, = 05 . (2.2.4a)

The strain tensor €;, is then redefine as

14

m
+

]
5 === (2

By convention, the stress tensor O, and the strain tensor €, are often written as

six-vectors. That is,

3 r 3
Oy %
on %)
33 DX

= = 2.2.5
T O3 and € 5| ( a)

G311 %
02 Z,

\ / \ )

where the conventional normal strains (X, = €}, X, = €;,, and Z; = €33) are given
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ou;

5=~ for(i=1,213), (2.2.5b)
a.xi

and the (engineering) shear components (£, = 2€,3, L5 = 2€3;, and Z¢ = 2€,) are

au/- u, fori=4, j=2andk =3
L= o + e S, 3 1. (2.2.5¢)
Y 6, 1 2

The elastic compliance tensor ¢ is then rewritten as s,, with

v,u=12 34,5 6. Thatis,

= 226
s S1a S21 S3s Sas Sas Sas (2.2.6)
Sis S2s S35 Sas Sss Sse
\516 S S Sae Sse 566J
Relationship 2.2.3a is then written as
€e=sT . (2.2.7)
For a hydrostatic pressure P, the stress vector has the following form:
-P
-P
_ | -P
T=1y9 (2.2.8)
0
0

Consider GaAs for example. The elastic compliance for GaAs is>°
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'511 §92 812 00 0|
S12 501 852 0 0 O
Si2 $12. 8% 0 0 O
=10 0 08,0 ol (22.9)
0 0 0 0 Sy 0
0 0 0 0 0 S

where $%; = 1.2x1073%kbar™!, $3, = -0.4x107%kbar™!, and $i; = 1.7x10 %kbar™".

For a hydrostatic pressure P, the strains (from equations 2.2.7, 2.2.9, and 2.2.8) are

E]]=€22=€33=—[S§1+2S§2]P (22]03)

and
2823 = 253] = 28]2 =0 . (221()b)
For a 10kbar hydrostatic pressure, the strains are €, = €;= €33=

—0.4x1073kbar ' (10kbar) = —0.4%. Consider a cube of GaAs with dimensions
IxIxlem3, under stress the length becomes ['= [+Al=s [ +¢l=
lem + (-0.004)(1cm) = 0.996cm . Therefore, the volume becomes
V’ = 0.996x0.996x0.996¢m > = 0.988¢cm>. This implies a 1.2% increase in the den-

sity of the GaAs sample under a 10kbar hydrostatic pressure.

Similarly, the stress vector for a [001] compressive uniaxial stress X has the

form:



(2.2.11)

1
OOOXOO

Again considering GaAs, the strains using equations 2.2.7, 2.2.9, and 2.2.11 are

En = 522 = -S§2X . (22[23)
€3 =-SH X , (2.2.12b)

and
2€23 = 283) = 25)2 =0 . (2212C)

For a X = 10kbar [001} compressive uniaxial stress, the strain along [001] is
€33 = —=1.2x107kbar~1(10kbar) = —1.2%, and the strains perpendicular to [001] are
€)1 = €5, = 0.4x1073kbar '(10kbar) = 0.4%. Considering a cube of GaAs with
dimensions 1x1ixlcm>, under [001] stress the length along [001] becomes
U'sl+Al=l+¢€l=1cm + (-0.012)(1cm) = 0.988cm. Similarly, the lengths per-
pendicular to [001] becomes !'= I +Al= I +¢€l= lcm - (-0.004)(Icm) =
1.004cm. The volume under [001] 10kbar uniaxial stress becomes
V' = 0.988x1.004x1.004cm> = 0.996¢cm>. This implies a 0.4% increase in the den-

sity of the GaAs sample under a [001] 10kbar compressive uniaxial stress.

The stress vector for a compressive uniaxial stress X at an angle 8 from [(001]
axis in the (17()) plane can be obtained by rotating the stress vector 2.2.11. The

transformation of a tensor is given by

T, = [a"],-k[“_’ aTu s (2.2.13)
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where for a continuous coordinate transformation, a is simply the 3x3 rotation

matrix. The stress vector for a uniaxial stress X at an angle 6 from [001] axis in

the (ITO) plane is

-
fn

:2—-Sin26
:2- sin@
—Xcos%@

%sinecose

%sinﬁcose

—Z sin%@

(2.2.14)

The linear elastic relationship (2.2.7) between an applied force described by a

stress vector (0;;) and the resultant distortion of the lattice (€) is the basis upon

which the shock compression and the static uniaxial stress experiments will be stu-

died.
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II1. Dynamic Stress

3.1 Shock Waves

A shock wave is defined by the presence of a shock front. A shock front is a
boundary moving with supersonic speed. This moving boundary separates two
regions which have different thermodynamic parameters. To help clarify this defin-
ition of a shock wave, consider an idealized shock wave, where the wave front is
stepwise with a uniform pressure region behind it (see figure 1.2.1). The wave
front is moving, and the stressed region (with pressure P,) is growing at the
expense of the unstressed region (with pressure P,). For actual shock waves, this
idealized picture of the shock wave is only an approximation. Usually, the shock
front has a width of 1nm to 10°am. The duration of the shock pressure behind the
shock front is typically 10°nm to 10%zm. In general, the shock pressure profile is
nonuniform and nonsteady (i.e., time dependent). Even though the shock wave is
nonsteady and nonuniform, it must obey the conservation of mass, momentum, and

energy.

For a laboratory or Eulerian coordinate system (i.e., one that is fixed in

space),57

the conservation requirements in a one dimensional system (with no
energy sources or sinks) are:

1) mass conservation,

!

[[a,p]x3 + u[a,3p]l] - p a,3u] ; (3.1.1a)
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2) momentum conservation,
[8,3033]‘ =—p[[8,u]x3+ u[ax3u]l] ; and (31“))

3) energy conservation,

), + o)}~ )

_ | O
P

1 .
—5] [[a‘p]xs* “[axzp],] , (3.1.1c)

where p is the density, u(x, t) is the particle velocity, 643 is the stress, E is the
d d
energy, |0 ]E — .and[&] == .
gy [ x3 . [ax} l L o ot .

Another common frame of reference is the Langrangian coordinate system
where the coordinate system follows a particle in the flow.>? In this system,

X3 = x3(h, t), where x3 (h) is the particle position at time ¢ (1 = 0). The parucle

velocity is then u = [8,13]h, where [8, ]h = [% . Using
h
[a,]h - [8'1,3“ u[aﬂ], , (3.1.2)

and the relation between the density p and the initial density p, (pdx; = pydh from
mass conservation), the conservation requirements in the Eulerian system can be
transformed into the Langrangian system. From equation 3.1.1, they are:

1) mass conservation,

__aP ) )
[[a,p]h]- ppo [a,,u]l ; (3.1.3a)
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2) momentum conservation,

[8,3033]’ =—p [[a,u]h] ; and (3.1.3b)

3) energy conservation,

bel)- 2[5 be)] o

The conservation requirements are simplier in the

Gi3

p

where [a,,]l = [—aa}—’

Langrangian picture.

{

By definition, an idealized shock wave (see figure 1.2.1) has a stress 033, den-
sity p, energy E, and particle velocity u, which are constant (i.e., independent of
both x and 1) behind the shock front (moving with velocity Ug). The conservation
relationship 3.1.1 simplify to:

1) mass conservation,
P Us = P[ Ug - ll] ; (3.1.4a)

2) momentum conservation,
033 - (033)0 = p()US“ N and (314b)
3) energy conservation,

1

1 1
E - Eo = '2' [033 + (033)0]

— -1 . (3.1.4c¢)
Po P

These are often called the jump conditions or Hugoniot equations, which relate the
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stressed region to the unstressed region.

In addition to the three conservation equations, another relationship (often
called the specifying equation, stress-strain equation, constitutive equation, or equa-
tion of state depending on the form of the equation) is needed to compietely deter-

mine the system. For example, given an equation of state
f(033v po E) = 0 ’ (3‘1-5)

equations 3.1.4, an initial state ( (633),, P,» E, ), and a measured shock velocity
Us, the shocked region parameters ( G33. p, E, u ) are uniquely determined since
there are four independent equations for the four unknowns. Therefore, a test of
whether equation 3.1.5 is the correct equation of state for this system, is the com-
parison of the calculated parameters (using equations 3.1.4 and 3.1.5) with the

measured parameters (e.g., G33 and u).

One of the ways that stress can be measured is to observe the PL.38 In this
thesis, this use of the PL as a stress monitor is extended. By making use of the fact
that a nonhydrostatic stress causes degenerate energy band edges to split, the
transverse stress (G;;) as well as the longitudinal stress (033) can be simultaneously
determined by the observed PL. Using this technique, the equilibration of the long-
itudinal and transverse stress components of the shock wave can be observed (and
1s described in section 4.4). In addition to measuring the stress components of the
shock wave, an analysis of the change in the PL line shape can reveal phenomena

related directly to the shock propagation.
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Some of the effects that have already been observed in shock compression of

59-61 60.62,63

semiconductors are changes in the conductivity, induced polarization,
change of the Hall coefficient,®* phase transitions,65-67 and shifts of the PL.58 In

this thesis, interesting new shock phenomena can be seen, such as the motion of the

lattice under shock compression (described in section 4.2).

Shock waves can be generated in many ways. The most common way is to
use t:xplosivc:s‘68 The explosives are used to generate the shock wave in the sample
directly or to accelerate a projectile (a flat flyer plate) which impacts onto a sample
(or into a sample mounted on a target plate). Shock pressures of up to 4Gbar have
been generated using nuclear explosions.%? Shock pressures of up to 2Mbar have
been generated using flyer plates driven by explosions.%® There have also been
modifications of this plate impact method by using either compressed gasses’? or
magnetic fields’! to accelerate the plate. Shock pressures of up to SMbar
(100kbar ) have been generated using flyer plates driven by compressed gasscs70
(magnetic fields’! ). Shock waves can also be generated using ultrafast laser
pulses.’73 Shock pressures of up to SOMbar have been generated using laser
pulses.”-78 In this thesis, picosecond laser pulses (with modest intensities) will be

used to generate shock waves with peak pressures of < 20kbar. The process of

laser generated shock waves is described in the next section.
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3.2 Laser Generated Shock Waves

The generation of a transient pressure wave in a sample using a laser pulse can
be broken into three stages. In the first stage, there is deposition of energy into the
sample from the laser pulse, but no plasma generation. In the second stage, there
continues to be deposition of energy from the laser pulse, and plasma is being gen-
erated from the sample. There is, of course, lost of energy from the plasma into the
surroundings in this second stage. The third stage is signaled by the end of the

laser pulse with the plasma decaying via various energy losses.

In the first stage, as the front part of the laser pulse hits the sample, only a
fraction of the energy is absorbed with the rest being reflected. With E; () defined
as the amount of laser pulse energy which has pass through an area during a time
interval t, the time of this first stage (1;) is defined by E|; (1)) Ef,EL, where EL is
the total energy of the laser pulse. In this first stage, the laser energy reflected is
Or =R f,EL, and the laser energy absorbed in a volume V, =A/a is
Qs=(1-R )f,EL. where R is the reflectivity, o is the absorption coefficient,

and A is the spot size of the laser.

In this first stage, the laser energy deposited into the sample volume V, is

Q)=(1-R )flEL

% ]e"" . (3.2.1)

The deposition of energy into the sample causes the temperature to increase. The

temperature increase is given by AT(z) = , where C is the specific heat per

Q)
C
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unit volume. This increase in temperature will cause a change in volume

AV =V, (3B)AT, where B is the linear expansion coefficient. The pressure exerted

by this change in volume is AP = B?/—v, where B is the bulk modulus. Therefore,
[

the stress due to heating?? is
s, =-B(3[3)9é25‘, . (32.2)

To get an idea of the magnitude of the stress due to heating, consider for example
the situation where f,EL =100/, A =2x10cm?, and 1, = 100fs, and for an
Aluminum sample, the relevant constants (from the 1963 AIP Handbook) are
B = 758kbar, B = 3x107°K"!, R = 0.9, a = 10%m™!, and C = 2/ em™3 K. Using

these values in equation 3.2.2 yields a thermal stress of ~0.4kbar .

There is also an impulsive pressure due to the momentum of the photons either
reflected or absorbed. The impulsive pressure P, is related to the change in

momentum Ap per unit time Ar. In the first stage, the change in momentum is

Or

o
Ap =2— + TA where ¢ is the speed of light. Therefore,
4

1 ap . 1+ RUIEL
At

P, =
! ATIC

(3.2.3)

> |

To get an idea of the magnitude of the impulsive pressure consider for example the
situation where f,E—,_ = 10uJ, A = 2x1073em?, 1, = 100fs, and ¢ = 3x105em fs7!,
and a sample with R = 0.9. Using these values in equation 3.2.3 yields a pressure

of P, = 0.03kbar.
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The transition from the first to the second stage is a gradual one. Taking the
start of the second stage as when enough energy is deposited by the laser for some
of the sample surface to vaporize (i.e., ablation). The generated plasma heats and
also exerts pressure on the sample. This plasma reaches a constant dcnsityg(’
because as the plasma density exceeds p, most of the photons are absorbed by the
plasma causing the density to decrease; conversely, if the density is less then p,,

the photons are absorbed by the sample surface and via ablation, the plasma density

increases.

This expansion of a constant density plasma is no longer true, if the plasma is
confined between the sample surface and a overlay which is transparent to the laser
pulse. When the expansion of the plasma is limited by the overlay, the plasma den-
sity increases (via ablation of the sample surface) until the plasma is dense enough

to absorb all the photons. Then, all of the photons go into heating the plasma.

Finally, the end of the laser pulse signals the start of the third stage. In this
stage, there is a net loss of energy and mass from the plasma. The plasma starts to
dissipate. How long the plasma lasts depends on the rate of loss of energy and
mass to the surroundings. Note that for the situation where there is a transparent
overlay, the energy losses due to plasma expansion and mass blow off are virtually
eliminated. In both cases, there is loss of energy via transfer of thermal energy to
the surrounding, emission of radiation (from the IR to x-ray),8! and deposition from

the plasma onto the sample (and if present, the transparent overlay).
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For the last two stages, the pressure being transmitted into the sample is
mainly due to the pressure of the plasma on the sample.8' There is also some con-
tribution to the pressure from the heating of the sample by the plasma. To get an
idea of the magnitude of the pressure exerted by the plasma, consider a very simple
model. By modeling the plasma as an ideal monatomic gas, it is easy to obtain a

value for the magnitude of the pressure. The pressure of an ideal gas is

P = %nRT. The temperature of an ideal monatomic gas is related to the internal

energy by U = %nRT. Assuming that U = Qf (1 —f,)EL (where Qp 1s the net

efficiency of the coupling of the laser energy into the plasma), the pressure of the

(1-fE,
A

20¢
k1%

20¢

, where the volume of the
3Lp

plasma is P = (1 —f,)EL =

plasma is V =LpA. For the situation where (1 —-f,)EL =25mJ, A = 2x1073cm?,
1; = 100fs, and with QO = 0.1 and Lp = 10um, the pressure exerted by the plasma
is ~8kbar. This extremely simple model for the plasma should not be taken sen-
ously since the interaction of the laser pulse with the plasma as well as the decay of
the plasma is very complex. The pressure exerted by the plasma decreases as the

plasma starts to dissipate.

The above describes the formation of a transient pressure wave. The pressure
generated in the first stage is generally negligible compared to the last two stages.
Generally, for picosecond and nanosecond laser pulses, the generation of the plasma

in stage 2 is extremely rapid, so that the moving boundary known as a shock front



is generated and the transient pressure wave is known as a shock wave. Even if the
plasma generation is slow, eventually a shock front will form as the pressure wave
travels82 (provided the energy propagation losses are not too great). The experi-
mental implementation of shock wave generation using picosecond laser pulses is

described in the next section.
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3.3 Experimental Method for Laser Generated Shock Compression

To generate the shock wave, a mode-locked picosecond Nd*3:YAG laser (Con-
tinuum) is used (see figure 3.3.1). The laser oscillator (OSC) is composed of a
(21mm diameter by 5mm thick) concave dielectric mirror with a 79c¢m radius of
curvature, a 93mm long (7mm diameter) 0.9% Nd*3:YAG laser rod (with hard
dielectric AR coatings on the Brewster cut faces), and an etalon. The laser rod is
pumped by 2 linear (2atm Krypton) flashlamps. This laser is mode-locked and Q-
switched by 1mm of mode-locking dye #9740 (Eastman Kodak) in 1,2
dichloroethane (Eastman Kodak) which is in optical contact with the concave mir-
ror. The mode-locking is actively assisted by an acousto-optic crystal (IntraAction)

in this oscillator cavity.

From this oscillator cavity (OSC), a train of ~10 pulses is beam expanded by a
telescope. Out of this train of pulses, one pulse is selected by a pulse slicer (see PS
in figure 3.3.1). The pulse slicer is composed of a dielectric polarizer, a double-
crystal Pockels cell (Lasermetrics), and a Glan-Taylor polarizer. The P polarized
pulse train (see figure 3.3.2) is deviated by the Glan-Taylor polarizer onto a fast
photodiode which triggers an avalanche chain of NPN transistors. The output from
the avalanche transistors is applied to the double-crystal Pockels cell
(Vy 2 = 3.6kV) causing one of the pulses in the train to become S polarized. This

S polarized laser pulse then passes through the Glan-Taylor polarizer undeviated.
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1t
SHG

0SC AMP

PS

Figure 3.3.1. Block diagram of the picosecond mode-locked laser, where OSC is the
laser oscillator, PS is the pulse slicer, AMP is the laser amplifier, and SHG is the

second harmonic generator.
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Figure 3.3.2. Picture of a pulse train which is deviated by the Glan-Taylor polarizer
in the pulse slicer (PS). The arrow shows the position of the pulse which is unde-

viated by the Glan-Taylor polarizer.
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TELESCOPE

dP4
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AN/2=hR3

AMPLIFIER

N

-T=A/4

dP3

N/2 hR1

Figure 3.3.3. Schematic diagram of laser amplifier (AMP in figure 3.3.1) where dP3

& dP4 are dielectric polarizers and hR1 & hR3 are A /2 plates.
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The pulse which is selected by the double-crystal Pockels cell is then ampli-
fied in a double pass amplifier (AMP in figure 3.3.1). The amplifier geometry is
displayed in figure 3.3.3. The incident pulse is P polarized by an A /2 plate (hR1)
which allows it to pass a dielectric polarizer (dP3). The pulse is then amplify by a
115mm long (9.52mm diameter) 0.9% Nd*3.YAG laser rod (with hard dielectric AR
coatings on the 2° cut faces) which is pump by 4 linear 2atm Krypton flashlamps.
A A/4 plate is used to compensate for the birefringence®3 of the amplifier rod.
The pulse is then S polarized by an A /2 plate (hR3) which allows it to reflect off a
dielectric polarizer (dP4). After beam expansion by a telescope, dielectric mirrors
bring the pulse back to the dP3 polarizer for a second pass through the amplifier
rod. The double amplified pulse is then P polarized by the hR3 A /2 plate, which
allows it to pass through the dP4 polarizer. The output from the amplifier (AMP)
is sent into a second harmonic generator (SHG). In the SHG, a portion of the 30ps
1.06um amplified laser (pump) pulse is converted by a (98% D) KD*P type I cry-

stal (Inrad) to the second harmonic (532nm 27ps) for use as the probe pulse.

The (~35mJ) 30ps 1.06um laser pump pulse is separated from the (~3u/)
27ps 532nm laser probe pulse by a harmonic bearmn splitter (BS in figure 3.3.4).
The pump pulse is then focused to a ~500um spot size by a 15cm focal length
plano-convex lens (FL1) onto a 20pum thick aluminum foil to generate the shock
wave (see figure 3.3.5). The shock-wave in the aluminum foil can then propagate
into the semiconductor sample (which is in mechanical contact with the foil). The

semiconductor sample and the aluminum foil are supported by two quartz discs (see



38

WHITE
CELL
A
DP2
-
D
DP1

Figure 3.3.4. Schematic diagram of the shock compression experimental set up (see

text).
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Liquid Nitrogen Dewar
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Probe Beam

Figure 3.3.5. Schematic diagram of the shock compression sample geometry (see

text). FL1, FL2, and FL3 are 15¢m focal length plano-convex lenses.
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figurc 3.3.5) in a copper sample holder. For low temperature measurements, the
sample holder together with the semiconductor sample, aluminum foil, and quartz

discs are suspended in a liquid nitrogen optical dewar (see figure 3.3.5).

In order to study the effects of shock wave on the semiconductor, a probe
pulse is needed to photoexcite the semiconductor to its non-equilibrium state. The
probe pulse which is separated from the pump pulse by a harmonic beam splitter
(see BS in figure 3.3.4) can be delayed relative to the pump pulse by prisms (DP]
& DP2) and a white cell. This delay between the pump and probe allows the study
of different slices of the shock profile from changes in the photoluminescence emit-

ted from the semiconductor.

The PL from the electron-hole plasma (EHP) generated by the probe pulse is
dispersed by a 275mm crossed Czerny-Turner spectrograph with a 300 grooves/mm
grating (Jarrell-Ash) and detected by a multi-alkali photocathode coupled to a pho-
todiode array via a microchannel plate (Princeton Applied Research). The cooled
photodiode array (T =-15°C) is control by an optical multichannel analyzer
(Princeton Applied Research) which is interfaced to a PDP11 /23+ minicomputer
(Digital Equipment).#* For data analysis, the collected data are transferred from the

PDP11 /23+ minicomputer to a VAX11 /780 computer (Digital Equipment).
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IV. Semiconductors Under Stress

4.1 Introduction

In this chapter, the results of PL experiments of GaSe, CdSe, and GaAs under
stress are presented. In section 4.2, the effects of shock compression of GaSe will
be explained in the framework of an exciton exciton scattering theory. In section
4.3, the shock profile in CdSe is obtained from the shifts in the transition energies
under stress. This experiment also suggests the possibility of monitoring both the
longitudinal and transverse stress components of the shock wave in GaAs. In sec-
tion 4.4, the determination of the time evolution of the transverse and longitudinal
stress components of the shock wave in GaAs is presented. In section 4.5, the hole
dynamics in GaAs under static uniaxial compression which have been studied via
time resolved PL is presented. In section 4.6, the determination of the transverse
and longitudinal stress components of the shock wave in a GaAs quantum well is

presented.



4.2 Gallium Selenide

The first sample that is studied under shock compression is Gallium Selenide
(GaSe).85-80 The main effect of the shock compression on GaSe is to change the
band gap energy. The decrease of the band gap energy causes characteristic
changes in the PL spectra within the framework of the exciton exciton scattering
model. These changes in the PL spectra as well as a shock induced line broadening
effect will be described in section 4.2B. The background information needed to
explain the changes in the PL under shock compression is described in the next sec-

tion.

4.2A Unstressed GaSe

GaSe is a 111-VI semiconductor which crystalizes in a layered structure. Each
layer is composed of double planes of Gallium atoms sandwiched by single planes
of Selenium atoms.87 Single crystals of GaSe can have layers stacked with period
three (Y polytype) and with period two (B and € polytypes). The € polytype has

D3, hexagonal symmetry.88

For the PL experiment, a 50um €-GaSe single crystal is coupled to a 20um
aluminum foil with mineral oil, which is then sandwiched between two 6.35mm
thick Pyrex discs. The aluminum foil is necessary only for the shock experiment
and does not affect the PL spectra. The c axis of the crystal is perpendicular to the

front surface. The probe pulse which is collinear with the ¢ axis is focused to a
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350wn diameter spot on the front surface of the sample. PL data are recorded with
the sample at room temperature. A representative spectra of the spontaneous PL
from GaSe for a probe energy of 400n/ is shown in figure 4.2.1. It can be seen
that the spontaneous PL has a symmetric line shape (with a FWHM of ~112meV’)

which peaks at ~1965meV .

Two possible models for the PL spectra are the electron hole plasma (EHP)
model and the exciton exciton scattering model. The line shape due to the EHP

model has been given by Yoshikuni er. al 8 as

1, (hv) = 12,(hv = Egyte PV £ @.2.1)
where /g, is a constant, Eg sE, - 2[15 is the reduced band gap energy, E, is the
c

-1
peak energy of the emission band, B, [ kac] , and T, is the carrier tempera-

ture. The EHP line shapes (equation 4.2.1) for E, = 1973meV and T, = 300K,
400K, 500K, and 600K are shown in figure 4.2.2, together with the experimental
line shape (from the unshocked GaSe spontaneous emission PL shown in figure

4.2.4).

For the exciton exciton scattering model, the line shape has been calculated by
Moriya and Kushida? using second order perturbation theory. For the process of
two excitons scattering into an electron hole pair with the emission of a photon
(expressed symbolically as [ Ex’, E{*] [ hv, e—h]), the initial energy of this process

is
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Figure 4.2.1. A plot of the unshocked (---) and shocked (—) spontaneous emission

spectra from GaSe at low probe intensity (400nJ ).
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Figure 4.2.2. A plot of the spontaneous emission from GaSe together with the line

shapes due to the EHP model (equation 4.2.1) for various temperatures T, (see

text).
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22 22
E =|E + nK + | E, + hK , (4.2.2a)
2m, 2m,
and the final energy is
h2k2 n2k?
Ef= hv+ |E, +E, + — | + , 4.2.2b
f > TR0 o, 2m,, ( )

where E; = E, - E,, E, is the bandgap energy, E; is the binding energy of exci-
ton, and K, k., and k, (m, =m, + m,, m,, and m,) are the wave vector (effective
mass) of the exciton, electron, and hole, respectively. The line shape for the

[ER, EX’] > | hv, e—h] process is90

I‘” (hv)B hv
I, (hv) = puivIp I, . (4.2.3a)
(hv - E,)? + (Ro£)E}

where

sfdgfdz o7t TBAE - Ey - hv- Dl (4.2.3b)
o o I+ &/Eb )4

I5 is a constant, p(hV) is the density of photon modes, € is the dielectric constant,

-1
B, = [ kax] ,and T, and a are the temperature and the polarizability of exciton,

respectively. Equation 4.2.3a has a Lorentzian form ({[(» - ®,)? + Y®2]™!) multi-
plied by several factors, and is therefore expected to give a distorted Lorentzian line
shape. Note that as 7y increases, the width of the line shape increases. The dimen-
sionless parameter Y = o /€ describes the coupling between the photons and the

excitons.

The theoretical line shape calculated using equation 4.2.3 (with the exciton-
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photon coupling coefficient ma /e = 3.3x1073, T, = 500K, E, =20meV, and
E, = 2.0eV) is shown in figure 4.2.3 together with the experimental line shape

(from the unshocked GaSe spontaneous emission PL shown in figure 4.2.4).

From a comparison®! of figures 4.2.2 and figure 4.2.3, it is clear that the spon-
taneous emission comes from exciton exciton scattering into an electron hole pair

with emission of a photon.

Stimulated emission is observed by increasing the probe energy beyond the
threshold energy of 5x10’W/cm?. A representative spectra of the stimulated PL is
shown in figure 4.2.4 (for a probe energy of 3u/). The stimulated PL emission line
peaks at ~1890meV (with a FWHM of ~20meV). In this figure, the spontaneous

PL emission is also observable at ~1965meV (with a FWHM of ~100meV ).

The stimulated emission line shape for unsaturated gain is given by
1,(hv) = 1% €V D (4.2.4)

The spectral gain due to the |E¥’, EX*] = [ hv, e—h] process has been given by

Moriya and Kushida%? as

g(hv) = 121, (hV) [ l—neB'lhv'(E'_ZE")]] : (4.2.5)
where
nn mz 372
n=[ ’"] * ] : 4.2.6)
ny m,my,

12° is a constant, and n,, n,, and n, are the density of the exciton, electron, and
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Figure 4.2.3. A plot of the spontaneous and stimulated emission from GaSe together

with the fit using equations 4.2.3 and 4.2.4 (see text).
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Figure 4.2.4. A plot of the unshocked (---) and shocked (—) stimulated emission

spectra from GaSe at high probe intensity (3pJ/).
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hole, respectively. The theoretical line shape calculated using equations 4.2.4 and
4.2.5 (with the exciton-photon coupling coefficient ta /€ = 3.3x1073, T, = 500K,
E, = 20meV, E, =2.0¢V) and 1 = 2.0 is shown in figure 4.2.3 together with the
experimental line shape (from the unshocked GaSe stimulated emission PL shown

in figure 4.2.4).
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4.2B Shock Compressed GaSe

In this section, the changes of the GaSe PL under shock compression are
described on the basis of the exciton exciton scattering model. For the shock
compression experiment, a 35m/ pump pulse which is collinear and counter-
propagating relative to the probe pulse is focused to a 450um diameter spot on the
aluminum foil in order to generate the shock wave. Data are recorded with the
sample at room temperature. A representative spectra of the PL from the
unshocked and shock GaSe for two different probe energies is shown in figures
4.2.1 and 4.2.4 (400nJ and 3/, respectively). In figure 4.2.1, the spontaneous PL
emission from the unshocked GaSe peaks at ~1965meV (with a FWHM of
~110meV’). Under shock compression, the spontaneous PL emission from GaSe red
shifts to ~1880meV (with a broaden FWHM of ~170meV). In figure 4.2.4 the
spontaneous PL emission from the unshocked GaSe peaks at ~1965meV (with a
FWHM of ~100mel'). Due to the higher probe energy, there is also stimulated PL
emission from the unshocked GaSe at ~1910meV (with a FWHM of ~20meV).
Under shock compression, the spontaneous PL emission from GaSe red shifts to
_ ~1890meV (with a broaden FWHM of ~190meV). The stimulated PL emission
from GaSe also red shifts (to ~1810meV) and broadens (with a FWHM of

~30meV).

In figure 4.2.1, a spectral red shift of ~28nm (~85meV) of the spontaneous

emission line from GaSe can be observed under shock compression. To obtain the



pressure dependence of the PL peak, consider the peak energy E, from equation
4.2.2. Implicit in this equation is the conservation of energy, E, = E;. By neglect-

ing the contributions due to changes in kinetic energy, this becomes
E,=E, -E,=E, -2E, . (4.2.7)

Fromn the reported pressure dependence of the energy gap,??

oE,
= —6.2meV/kbar 4.2.8)
0033
and exciton binding energy,
oE,
= —().6meV/kbar , (4.2.9)
0033
equation 4.2.7 yields
ok,
= -5.0meV/kbar . (4.2.10)
0033

A ~85meV red shift corresponds to a shock pressure of 17kbar. This agrees with

shock pressure measurements using an x-cut quartz transducer.

Another significant feature of the spontaneous emission line from GaSe under
shock compression is the broadening of the spectral line width (see figure 4.2.1).
One possible line width broadening mechanism is pressure inhomogeneity. How-
ever, the shock pressure (~20% transverse and ~0.5kbar longitudinal) inhomo-
geneity is not enough to explain the observed broadening. Another possible line

width broadening mechanism is the change in the temperature of the excitons under
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shock compression. This temperature change implies a change in the distribution of
the excitons as a function of momentum ( K] ). Because of the Doppler effect, the
frequency of the emitted radiation from the excitons is slightly different for excitons
with different momentums. The Doppler line width has been calculated by Yariv®
and is given by

5 3= 2h [ 22 v
D’ = ——

4.2.11
¢ | B, 21D

From equation 4.2.11, the observed broadening would require the exciton tempera-
ture to increase to 1700K from 434K. However, the observed shock compression
data does not show any significant temperature increase.9> Also, thermal broadening
causes the line shape to be Gaussian in disagreement with the observed Lorentzian

line shape.

A mechanism which can explain the significant line broadening is the shock
wave induced collision broadening.80 In this mechanism, the excitons suffer phase-
perturbing collisions with the lattice molecules which are moving with particle velo-

city u behind the shock front. The collisional frequency for each exciton is
fe=atun,, , (4.2.12)
where a, is the Bohr radius of the exciton and n,,, is the molecular density. Using

equation 3.1.4b, this becomes
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The line broadening is then

A2 A2 A2 | 2aln
pr=opay ot He Ao | 20 0ma Oy . (4.2.14)
c c n c Ttp()Us
Using® a, = 3.1nm and n,; = 2x10~"cm ?,
AN = [1.3nm/kbar|63; . (4.2.15)

For 033 = 17kbar, A\ = 22nm in agreement with the experimental data (see figure

4.2.5).

For the stimulated emission line (see figure 4.2.4), a red shift and broadening
is also observed. However, the red shift (~36nm or ~100mel’) of the stimulated
emission line is larger than the spontaneous emission shift (~24nam or ~70mel’).
There is also an observed intensity decrease. The broadening of the stimulated
emission is a direct consequence of the broadening of the spontaneous emission
(equation 4.2.5). The larger red shift as well as the intensity decrease can be
explained by the reduction of the (exciton exciton scattering) gain due to the shock
wave induced band gap shrinkage. An increase in the effective value of M causes
both an decrease in intensity and a larger red shift. From equation 4.2.5, the pres-

sure dependence of N is

-B. %E‘_. - 2%:—
ns=nle P : (4.2.16)
The observed decrease in intensity is given by
L
=% gx 4.2.0)

ISI
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Figure 4.2.5. A plot of the observed broadening together with equation 4.2.15.
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From 633 = 17kbar, = 2, and equation 4.2.5, & 1=-0.86. Using% gl ~ 1,
8

A

yields —li ~ 0.4 in agreement with the experimental data (see figure 4.2.4).
st

In summary, the spontaneous and stimulated PL from GaSe are due to an exci-
ton exciton scattering mechanism. One of the effects of the shock compression is
to change the band gap, which causes characteristic changes in the PL spectra
within the framework of the exciton exciton scattering model. The shock induced

line broadening is related uniquely to the transient nature of shock compression.
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4.3 Cadmium Selenide

The second shock compression experiment is on Cadmium Selenide (CdSe).9’
In this experiment, the conditions needed for the determination of the stress com-
ponents parallel (longitudinal component) and perpendicular (transverse com-

ponents) to the direction of shock propagation will be specified.

In the next section, the unstressed band structure of CdSe will be described.
Then, the usual strain Hamiltonian of CdSe is modified to describe shock compres-
sion. Finally, in section 4.3B, the results of the shock compression experiments on
CdSe will be presented, and the conditions needed for the determination of the

longitudinal and transverse stress components will be specified.

4.3A Theoretical Model

CdSe is a II-VI semiconductor which crystallizes in a wurtzite structure. The
lowest conduction band has a s-type basis function and is characterized by I'; sym-
metry at k = 0. The highest valence band has p-type basis functions. The usual six
" fold degeneracy at k =0 is split into three spin degenerate valence subbands

(denoted v,, vg, and v¢) by the crystal field and the spin orbit interactions (H,,_.,).

Hso—cf = A

L-G—% +A2[L32—1]+Am2

L3'63—%] VERT

where L and © are the orbital and spin angular momentum operators, respectively,

cs2

2 ’

A
A]E 350 - ;S ’ A25Acsl+

A, =439meV, A,y = 81.5meV, and
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Ao = =25.4meV for CdSe%8 at 1.8K.

The top most valence subband (v,) which is characterized by T'y symmetry®
at k =0, is separated from the conduction band by the band gap energy®®
l::,;v = 1.84eV at 1.8K. The vg and v valence subbands are both characterized by
I; symmetry?® at k =0. The separation between v4 and vg (vg and vc) is8

Asp = 25.5meV (Agc = 432meV) at 1.8K.

From symmetry considerations,'® the strain Hamiltonians for a semiconductor

with wurtzite structure have been given by Pikus'0! as

H. = -ac"‘[ €)1+ €0t 533] (4.3.2a)

and

Hoppey= at (€)) + €32) + aj €33
+bY (e + )L 3 + biesl]
+ e, L2 +eL?)
+dy [ e {LyL,}+e. {Ls L_}] , (4.3.2b)

1 . . . .
where L, = ) [ L,z 1L2], €, =€) — €3 X 2i€), €., = €3 T i€y3, and g is the

strain tensor. The deformation potentials for CdSe are%8 a’ + ag = 760.0meV,
a? +ay = 3700.0meV, by =4000.0meV, by =-2200.0meV, c} =-1200.0meV,

and d} = -3000.0meV".
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To rewrite the strain Hamiltonians in terms of stress, the elastic compliance (s)

relaiing the stress (T) to strain (€) is needed. For hexagonal lattices, the elastic
compliance is!02

St S12 8%y 0 0
St S S 00
Sth STy S5 0 O
0 0 0 Su O
0 0 0 0 Su
0 0 0 0 0 28-St

»
n

(4.3.3)

o O © o O

The constants for CdSel®3 are $% =2.3x1073kbar™}, Y%, = -1.1x10%kbar™!,

W = —0.5x10%kbar™!, S§; = 1.7x10 %kbar™!, and S}, = 7.6x10 kbar~!.

To obtain the strain stress relationship, the stress vector is needed. Choosing a
coordinate system where the x3 axis is along the direction of propagation of the
shock wave, the two stress components (G;;, G;) which are transverse to the shock
propagation direction are assumed equal and is denoted by P (i.e., 6,; = 0, = —P).
The longitudinal stress component (which is along the direction of propagation of
the shock wave) can be written as 033 = —P — X. Neglecting any shear terms (i.e.,
G,3 = O3 = O, = 0), the stress vector for shock compression along the x5 axis is

given by
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(4.34)

Note that for X = Qkbar, the longitudinal and transverse components are equal and
equation 4.3.4 can be recognized as the stress vector for hydrostatic pressure (see
equation 2.2.8). In this case, behind the shock front there exists only hydrostatic
pressure. Conversely, for P = Okbar, there is no transverse component and only
the longitudinal component is nonzero, and equation 4.3.4 is identical to the stress

vector for uniaxial stress along the x5 axis (see equation 2.2.11).

Using equations 4.3.3, 2.2.7, and 4.3.4, the strain stress relationship for shock

compression along the ¢ axis (see appendix Al) becomes

5“:8222—[571 +S?2+S‘lv3] P‘SY}X , (4.3.5a)
€33= — [2573 + 53'3] P-SH X, (4.3.5b)

and
2823 = 2831 = 2812 =0 . (4.3.5¢)

From equations 4.3.1 and 4.3.2, the Hamiltonian matrix for shock compression

along the ¢ axis (see appendix Al) is



6l

P Xy P Xy P,X;

AP 00
Ho= | 0 Ay An|. (4.3.6)
0 A} AV

where P, = 7]5 [ P, tiP, ] P,, Py, and P, are the p-like basis functions, X1 and

X are the spin basis functions,

AF = —BEY - SEF (4.3.7a)
Ay =-A-A,, - SE; - SE: ' (4.3.7b)
w 1 1 5 w ’; ‘7 ~
AT E=0= 581 = 58— 07 (4.3.7¢)
Ar=— LA (4.3.7d)
BE-HMh -
8Ey = aj (257, + 55| P+ 2a7 [s7 + 57, + 51 ] P
+ [agsgg + 2a‘1”S]"3]X :
and
367 = by (257 + 5% | P+ 267 [s1, + 57 4 1) P
+ [biss + 20753 ) x “38)

The eigenvalues of the matrix 4.3.6 gives the transitional energies between the

conduction band and the valence subbands (see appendix Al). They are



E. (P X)=E;+ AY =\, = EJ + 8E}; + 8EF (4.3.9a)

E._g(P.X)=E}+AY - Apg

_ 2 2(A1)?
- ; + cs 1 Acsz _ cs 1 + SE;;
SO
+ l+ﬁ]_ SEw___g_[ﬁE”']2+ (4.3.9b)
3 9A, b 9A, b B o
and
Ecc(P.X)SE}+ AX = M
w A(.vl A(.\ 2 Z(A(. s )2 )
=E; + A, + T 5 + 9A‘ + OE};
- SO
9} 4AC"] 2 2
+ | = - : EY 4+ E2| +..., 4.3,
3 o, %5t G, [oez (@390
where

OE)] = “a(‘.v +a(‘§] 287 + S‘{;] + 2[a(w +a‘l"] [5‘1”] +ShHh + S}‘{;]]P

+ [[a: + (18]53”3 +2 [a:' + a,“']s;g]x . (4.3.10)

From equation 4.3.9, the shifts of the transitional energies as a function of P and X

arc

AE, (P, X)=E._z(P,X)=E._(P =Okbar, X = Okbar)

= SEjj + OE¥ | (4.3.11a)
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AE._g(P,X)=E._g(P,X) - E._g(P = Okbar, X = Okbar)

4A
= 8E}; + %+ e |SEX
SO
_ |2 [55u]2+ (4.3.11b)
55 I 3.

and

AE. (P,X)=E,_(P.X) - E._,(P =Okbar, X = Okbar)

, 2 4Acsl
=8E;; + | = OEY
S TV R
2 2
_— BE”‘] +... . 43.11
* o, [ b @3.116)

The shifts of the transitional energies as a function of P (equation 4.3.11 with
X = Okbar) are plotted in figure 4.3.1. With X = Okbar, the stress vector 4.3.4 is
identical to the stress vector for hydrostatic pressure P. Consequently, the shifts of
the three transitional energies are expected to have the same P dependence. This
can be seen in figure 4.3.1, where all three lines (corresponding to the transitions

" from the conduction band to the valence subbands vA, vB, and vC) have the same

d(AE)

1
slope ( 5P

= 5.5meV /kbar).

The shifts of the transitional energies as a function of X (equation 4.3.11 with
P = QOkbar) are plotted in figure 4.3.2. The key salient feature of this figure is that

the X dependence of the three conduction to valence subband transitional energies
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Figure 4.3.1. A plot of the shift in energy of the transition from the conduction to
the valence subband v, (VA), vg (VB), v¢ (VC) in CdSe as a function of P (equa-

tion 4.3.11 with X = Okbar).
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Figure 4.3.2. A plot of the shift in energy of the transition from the conduction to
the valence subband v, (VA), vg (VB), vo (VC) in CdSe as a function of X (equa-

tion 4.3.11 with P = Qkbar).
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Figure 4.3.3. A plot of the separation between the valence subbands v, and vg (the

absolute value of Asp from equation 4.3.12a) as a function of X.
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Figure 4.3.4. A plot of the separation between the valence subbands vp and v (the

absolute value of Ap- from equation 4.3.12b) as a function of X.
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Figure 4.3.5. The energy positions of the PL emission lines corresponding to the

c-v, and the c—vp transitions for various X (with P = Okbar).
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are all different. This implies that the gaps between the three valence subbands
change with X and is independent of P (see figure 4.3.1). Defining

AggP.X)=E,_g(P.X) - E,_ (P, X) (4.3.12a)

and
Agc P, X)=E._(P,X)-E._g(P,X) , (4.3.12b)

the separations between the valence subbands are given by the absolute value of
Apg(P, X) and Apc(P, X). The separations between the valence subbands are plot-
ted as a function of X in figures 4.3.3 and 4.3.4, respectively. From figure 4.3.3, it
can been seen that there is only ~25mel’ change in the separation between the
valence subbands v, and vp as a function of X (for X = Okbar to 10kbar). The
separation between the valence subbands v, and vp is seen to go to zero at
X = Skbar. This is due to larger shift of the valence subband vA relative to the
valence subband vB as a function of X (see figure 4.3.2). For X < ~Skbar, the
valence subband v, is higher in energy then the valence subband vg (while for
X > ~Skbar, the valence subband vp is higher in energy then the valence subband
v4). This can be seen in figure 4.3.5, where the energy positions of the PL emis-
' sion lines corresponding to the c-v, and the c-vp transitions are plotted for
X = Okbar to X = 10kbar (with P = Qkbar). For P # Okbar, both PL emission
lines corresponding to v, (c—v,) and vg (c—vg) transitions (shown in figure 4.3.5)

will be blue shifted by the same amount.

From these figures, it is expected that if the luminescence due to the c-v, and
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c—vg transitions can be resolved in the PL spectra, the longitudinal and transverse
stress components of the shock wave can be determined from the splitting and blue
shifts of the PL spectra. The PL spectra from shock compressed CdSe will be dis-

cussed in the next section.
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4.3B Shock Compressed CdSe

For the shock compression experiment, the shock wave facility described in
section 3.3 is used. A 25m/ pump pulse from the Nd*>:YAG laser is focused to a
500um diameter spot on the aluminum foil to generate the shock wave. The 20um
aluminum foil is glued to the back surface of the 40um CdSe Sulfur-free single
crystal sample with Apiezon N-grease. This is sandwiched between two 3.175mm
quartz discs, and then suspended in a liquid nitrogen optical dewar. The 300nJ
probe pulse which is collinear and counter-propagating relative to the pump pulse is
focused to a 400um diameter spot on the front surface of the sample
(10'3photons/cm?). The PL is dispersed by the spectrograph and detected by the

photodiode array. Data are recorded with the sample at T = 85K,

A representative spectra of the PL from the unshocked and shocked CdSe is
shown in figure 4.3.6. The PL from the unshocked CdSe peaks at ~1790meV (with
a FWHM of ~27meV). Under shock compression, the PL blue shifis to ~1840mel’
(with a FWHM of ~46mel’). Comparing figure 4.3.6 to figure 4.3.5, the ¢-v, tran-
sition is easily observable whereas the c—vg transition is not readily observable.
Since the c—vp transition is not observable, the energy separation between the c—v,
transition and the c—vp transition can not be determined experimentally. Conse-
quently, X can not be determined. If the assumption that X = Okbar is made, the

shock pressure P can be determined from the blue shift in the PL spectra. Using

g—i = 6meV /kbar, the shock pressure P can be obtain by dividing the energy of



the blue shift by %f; By varying the delay between the pump and the probe, the

time evolution of the shock pressure can be determined from the shift in the PL

spectra. The shock profile determined in this manner is shown in figure 4.3.7.

Another interesting feature seen in figure 4.3.6 is the increase in the observed
PL intensity from the shock compressed CdSe as compared to the unshocked CdSe.

This will be discussed further in chapter S (p. 136).

In summary, from the shift of the PL from CdSe under shock compression, the
time evolution of the shock pressure P has been determined. The difference
between the longitudinal and transverse stress components of the shock wave
([P +X])-[P]=X) can not be determined in these shock compression experi-
ments. There are two main problems encountered in this experiment. First, the PL
lines corresponding to the c-vg transition and the c-v, transition can not be
resolved. Second, within the range of shock pressure of interest, the transition with
the lowest energy can be either c—v,4 or c~vg (see figure 4.3.5). This makes the
analysis of the shock compression experiment very difficult. Therefore, two criteria
that must be met in order to determine the transverse and longitudinal stress com-
ponents of the shock wave are: 1) the PL emission lines corresponding to two tran-
sition which separate as a function of X must be clearly resolved; and 2) the order-
ing of the energy of the two transitions should not change within the pressure range
of interest. In the next section, it will be shown that the valence bands of GaAs

have the appropnate X behavior needed for a unique determination of the transverse
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Figure 4.3.6. A plot of the unshocked (---) and shocked (—) spontaneous emission

spectra from CdSe at low probe intensity (300n/).
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and longitudinal stress components of the shock wave.

75



76

4.4 Gallium Arsenide Under Dynamic Stress

The third shock compression experiment is on GaAs.!® In this experiment, it
will be shown that GaAs meets the conditions necessary for the determination of

both the transverse and longitudinal stress components of the shock wave.

In the next section, the unstressed band structure of GaAs will be described.
Then, the usual strain Hamiltonian of GaAs is modified to describe shock compres-
sion. Finally, in section 4.4B, the results of the shock compression experiments on

GaAs will be presented.

4.4A Theoretical Model

Gallium Arsenide (GaAs) is a I1I-V semiconductor with a zinc blende struc-
ture. The band structure is shown in figure 4.4.1. The lowest conduction band (c)
has a s-type basis function and is characterized by I'; symmetry at kK = 0. The
highest valence band has p-type basis functions. The usual six fold degeneracy at
k =0 is split into a four-fold degenerate subband (denoted v1 and v2) and a two-
fold spin degenerate subband known as the split off (v3) band by the spin orbit

interaction,]o5

, 4.4.1)

where A, = 341meV at 80K, and L and o are the orbital and spin angular momen-

tum operators, respectively.
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From symmetry considerations,!%0:106 the strain Hamiltonians for the valence

band of a semiconductor with cubic symmetry (e.g., GaAs) have been given by Pol-

1ak 107 4

- 4
Horp ()= a1 [ €+ €0+ 533]

+ 3b3 [e“(L% - %Lz) + C.p.]

+ 2\6(1? [E,z{ L, L;}+ c.p,] , (4.4.2a)
H pine= 2a3 [ €1 + € + 533] Lo

+ 6b% [sl,(L,B, - —;-L-E) + c.p,]

+ 2\’(3(15 [E]:(Llaz + L26]) + Cp] s (4.4.2b)

where g, is the strain tensor, and ai, a3, b, b}, di, and d} are the deformation

potentials. Similarly, for the conduction band.
Heey=-a; [ €)1+ €t 533] ) (44.3)

where a? is the deformation potential for the conduction band.

To rewrite the strain Hamiltonians in terms of stress, the elastic compliance is

needed. For cubic lattices (e.g., GaAs), the elastic compliance is
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Figure 4.4.1. Schematic diagram of the a) unstressed and b) stressed GaAs band
structure. The conduction band is denoted by C and the three valence subbands are

labeled V1, V2, and V3.
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S, S5, 85, 0 0 0
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The constants for GaAs'08 are §%, = 1.2x1073%kbar™!, $3, = ~0.4x10kbar!, and

Si4 = 1.7x1073%kbar .

Using equations 2.2.7, 4.4.4, and 4.3.4 the strain stress relationship for shock

compression along the [001] axis in cubic semiconductors becomes

€1, = € = — [511 + 255, |P - S8L,x | (4.4.5a)
Ey3 = ~ [51,+2512]P ~ S X (4.4.5b)

and
2823 = 2£3l = 2212 =0 . (445C)

Note that for P = Okbar, the usual strain stress relationships for static uniaxial

stress along the [001] axis are obtained from equation 4.4.5. Using the wave func-

tions (b" = [J, ‘1!001]]’ with

=P X1 , (4.4.6a)




and
D .= _1 i = PX, + ] P XT (4.4.6¢)
v3 2 M 2 :;3 + l :)3 k4 ’ e

where P, = 715 [Px +iP, ] P.. Py, and P,, are the p-like basis functions, and Xt

and X are the spin basis functions; the Hamiltonian matrix'% for shock compres-
sion along the [001] axis of GaAs can be formed from equations 4.4.1, 44.2, and

4.4.5 (see Appendix A2),

d>v2 d)vl v3
20 0
H, = 0 Al AL . (4.4.7)
0 Af3 Af
The components are
A} =-8E} - i’éﬂ . (4.4.82)
Af=-0E) + iEz—“—”— , (4.4.8b)
Aj=-A, - 8Ef (4.4.8¢)
and
V28E 5
Afy = il (4.4.84)
2
with
OE}; = (ai+ a%)(S3,+ 253,)3P + X) , (4.4.9a)

8E: = (@}~ 2a3)(S3,+ 253) (3P +X) , (4.4.9b)
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8Ewmn = 2(b3+ 2b3)(S3,— SiX (4.49¢)

and
8Eam = 2(bi- b3)(SHi- S1X . (4.4.3d)

The constants a3, b3, and d3 have been founded to be smaller then the measure-
ment errors.!10 Consequently,!1! the H ey can be neglected compared 10 H,,p; c).
This implies that 8Ej; = 8E}; and 8Eg; = OEon. The constants for GaAs are
al + aj = 8720meV, b] =2000meV, and di = 4430meV. The conduction band
deformation potential for GaAs is'12  a? = 9300(*1000)meV  which yields

a? = -580(x1000)meV .

The eigenvalues of equation 4.4.7 give the energy shifts (with respect to the
conduction band) of the GaAs valence subband v;, v,, and v; (see Appendix A2).

The shifts of the transitional energies with P and X are

AE, ,(P.X)=E,_,,(P,X)—E,_,(P = Okbar, X = Okbar)

2
= 8Ej, - .5_523‘1 - 82'1“” .o, (4.4.10)
(/]

AE, (P, X)= E,_,,(P,X)— E._,)(P = Okbar, X = Okbar)

= OEj) + 852‘"" : (4.4.10b)

and
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AEc-v}(Pv X) = E(—y}(Po X) - Ec_v3(P = Okbar, X = Okba’)

SE &,

= OEj; +
HY 54

+..., (4.4.10¢)

(4]

where 8Ef; = (al+ a})(§7;+ 253,)(3P + X). From equations 4.4.10a and 4.4.10b,
the four-fold degenerate valence subband of GaAs is split into two spin degenerate
subbands (v, and v,) under uniaxial stress. From equation 4.4.10b (for a given P),
the valence subband v2 shifts linearly with X. The shifts of the v1 and v3 valence
subbands have a nonlinear dependence on X due to the coupling between the v1
and v3 wave functions (i.e., the stress Hamiltonian is nondiagonal). In the v1 (v3)
bands, 8Ej, and 8Ew: subtract (add). Therefore, since the difference of 8Ej; and
OE v almost cancels the X dependence, the v1 shift depends mainly on P, while v3

increases monotonically with both P and X.

It can be seen from equations 4.4.10 that the energy shifts of the v, v,, and v4
valence subbands as a function of X relative to the energy shift at X = Okbar are

independent of P. Rewriting equations 4.4.10 as

AEC—V](X) = AEC—vl(Pv X) - AEC_\,](Py X = Okbar)

85001 _ 85&)1 +
2 28, 7

(]

= 8E, - (4.4.11a)
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Figure 4.4.2. A plot of the energy shift of the v;, v,, and v; valence subbands

(equation 4.4.11) as a function of X.
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Figure 4.4.3. A plot of the separation between the GaAs valence subbands v, and

vy (Ay,) as a function of X (equation 4.4.12).
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AE—C—V2(X) = AE(—\Q(P' X) - AEC-VZ(Pv X = Okbar)

_E, + 5’200‘ , (44.11b)

and

AE—C—V3(X) = AE(—vJ(Pv X) - AE(—\;}(P, X = Okbar)

OF &
+ ..

= OF . 44.11
OE, + 2A ( c)

(7]

where 8Ey = (a’+ ai)(S},+ 25],)X. The energy shifts AE—cl for the three valence
subbands are plotted in figure 4.4.2. The essential features this figure are: 1) the
conduction to v2 and v3 valence subband transitional energies increase monotoni-
cally with X ( <10kbar); 2) the conduction to vl valence subband transitional
energy has less than 3meV shift with X ( < 10kbar); and 3) all three conduction to
valence subband transitional energies have different X dependence. Therefore, the
gap between the valence subband v, and v, should change as a function of X. The

gap between the valence subband v, and v, is given by

SE &,

AIZ(X) = AEC_vz(P, X) - AE(_”(P, X)= OE o +
24,

2b2(S,1- S12)°X?
=2b,(S,- S, X + — ”A 12 . (4.4.12)

This is plotted in figure 4.4.3. It can be seen that A, is a function only of X.
Therefore, the uniaxial component X of shock compression can be monitored by

observing A, via the PL spectra. As A, increases, the observed PL line width will
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broaden because the lines are overlapping until finally two blue shifted PL bands
are resolved (when A,; is greater than the line widths of either the v, or the v, PL
bands). This effect has been observed in the shock compression experiment on n-
GaAs. The results of this shock compression experiment are described in the next

section.
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4.4B Shock Compressed GaAs

In this shock compression experiment, a 40um n-GaAs sample is glued to a
quartz disc with optical glue. An aluminum foil is then glued to the back surface
of the sample with Apiezon N-grease. The final layer is another quartz disc. This
is then suspended in a liquid nitrogen optical dewar. For this experiment, the 25m/
pump pulse is focused to a SOOwm diameter spot on the aluminum foil. The 500n/
probe pulse which is collinear and counter-propagating relative to the pump pulse is
focused to a 400um diameter spot on the front surface of the sample
(10Yphotons/cm?). Data are recorded with the sample at T = 80K. Plotted in fig-
ure 4.4.4, are the PL spectra from the shocked and unshocked bulk n-GaAs at vari-
ous delay times between the pump and the probe pulses. The relevant transitions in
stressed and unstressed GaAs are shown schematically in figure 4.4.1. As the delay
time between pump and probe is increased, the shocked PL spectra is observed to
be blue shifted (see figure 4.4.4a) and eventually splits into two blue shifted PL
lines (see figure 4.4.4b). These two blue shifted PL lines correspond to the transi-
tions from the I'y conduction to the v1 valence subbands (c-v1) and the v2 valence
. subbands (c-v2) (see figure 4.4.1b). At further increases of the delay time, the
splitting of the two blue shifted PL lines decreases and merges into a broaden line

(see figure 4.4.4c¢).

From the bulk n-GaAs shock compression data, the spontaneous PL is

observed to split into two blue shifted lines, corresponding to the transitions from
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Figure 4.4.4a. A plot of the unshocked (---) and shocked (—) spontaneous emission

spectra from n-GaAs at low probe intensity (500n/) for a delay time of 33ns.
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Figure 4.4.4b. A plot of the unshocked (---) and shocked (—) spontaneous emission

spectra from n-GaAs at low probe intensity (500n/) for a delay time of 46ns.
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Figure 4.4.4c. A plot of the unshocked (---) and shocked (—) spontaneous emission

spectra from n-GaAs at low probe intensity (500n/) for a delay time of 73ns.
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the I'¢ conduction (c) to the v1 valence and the v2 valence subbands due to sym-
metry breaking by the transient uniaxial component of the shock compression along
the [001] direction. From the experimentally observed separation of the two PL
bands (see A, in figure 4.4.4b), the stress X can be obtain from equation 4.4.12 or
from figure 4.4.3. For example, from figure 4.4.4b, A, = 60meV, then in figure
4.4.3, a horizontal line corresponding to a 60meV splitting intersects the curve at
X = 9kbar. Then, the hydrostatic pressure P can be determined from equation
4.4.10a, since both X and AE._,, are known. Considering the same example (fig-
ure 4.4.4b), a blue shift of AE._,; = 20meV, together with X = 9kbar in equation
4.4.10a, yields P = 2kbar. The longitudinal (P + X) and transverse (P) com-
ponents of the shock wave are plotted in figure 4.4.5 as a function of the delay time
between pump and probe. These stress components are not equal over ~50ns.
These expenimentally determined stress components are average values since there
exists some shock pressure inhomogeneity in the probe region. From the line shape

113

broadening,' ' the shock pressure inhomogeneity over the probe region is estimated

to be *0.3kbar/10kbar = *3%.

From figure 4.4.5 it is quite clear that the uniaxial component (X) is non-zero
for shock propagation along the [001] axis in GaAs. Therefore, any analysis of
shock compression must consider the time interval needed for the longitudinal and
transverse stress components to equilibrate. After this time interval, the usual

hydrostatic pressure analysis may be used.
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Figure 4.4.5. A plot of the longitudinal and transverse stress components of a shock

wave propagating along the [001] axis of n-GaAs.
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Figure 4.4.6. A plot of the unshocked spectra (---) from figure 4.4.4b together with
the EHP line shape (—) using the parameters T, =T, =T, = 80K, E, = 1484meV,
e =-11meV, A = A, =0meV, and y, = 4, = -1451meV in equation 4.4.13. The

positions of the quasi-Fermi levels relative to the band edges are shown in the in-

sert.
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Figure 447. A plot of the EHP line shape wusing the parameters
T.=T,=T,=120K, E, = 1484meV, p. = —16meV, A; =20meV, A, = 81meV,
and M, = p, = —1484meV in equation 4.4.13. The positions of the quasi-Fermi lev-

els relative to the band edges are shown in the insert.
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Figure 4.4.8. A plot of the shocked spectra (---) from figure 4.4.4b together with the
EHP line shape (—) using the parameters T, =T, =T, = 120K, E, = 1484meV,
B, =—16meV, A; = 20meV, Ay = 81meV, U, = —~1476meV, and Y, = —1510meV in
4.4.13. The positions of the quasi-Fermi levels relative to the band edges are

shown in the insert.



It is also interesting to note that the c—v2 PL line in figure 4.4.4b is strong.

The PL line shape due to band to band transitions (see Appendix A4) is given as

me 1 (v )[nv & ¢
](hv):] Zé[ rcj ] _ & 1]
T me E, J|E &
xN; f{hY) fMRY) (4.4.13)

where I, is a constant, i, = , nj is the density of holes in the j*% valence sub-

Zn

band, §j is the matrix element constant for transitions from the conduction band ¢
m.m;

me+m,

to the j*® valence subband, m is the reduced mass, m. and m, are the

rej =

effective mass of the electrons and holes, E, is the band gap, A, are the energy

8
shifts due to stress,
-1

BT (hv - Ey - A) - 1)

fithv)= | 1+e e , (4.4.14a)
-1

B;(ﬂ (hv-E, ~A)+E, +A +p)

fMhvy=|e ™ +1] (4.4.14b)

By = ( kacU))", ky is the Boltzmann constant, T, arc the characteristic tem-
peratures of the electrons (holes), and M) are the quasi-Fermi levels of the elec-
trons (holes). The are two key features in equation 4.4.13: /(hv) =0 for
hv < E; + A, since only transitions from a parabolic conduction band to two para-

bolic valence subbands are considered; and the PL line shape is dominated by the
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372

m;
! factor

density of carriers via the factors n,. j‘(hv), and ff"(hv). The §j [

¢
takes into account that some transitions are more probable than others. However, it
has only a minor role in the PL line shape (unless &, = 0). Therefore, the relative
strengths of the PL lines associated with different valence subbands are mainly
dependent on the distribution of holes among the valence subbands. As an exam-
ple, consider the situation where the summation in equation 4.4.13 is over the tran-
sitions from the conduction band ¢ to the v1 valence subband (j = 1) and the v2
valence subband (j = 2) in n-GaAs. When A, = A; =0 and y, = |y, ny is ~10
times n; and the line associated with c—v2 transitions is ~100 times stronger than
the c—v1 line (see figure 4.4.6). In contrast, when A; — A, = 6lmeV and U, = u,,
the reverse is true, n; is ~10 times n, and the c—v1 line is ~1000 times stronger
than the c—v2 line (see figure 4.4.7). If A; — A = 61meV and the quasi-Fermi lev-
els for the v1 and v2 valence subbands are unequal (u, # y,), there is good agree-
ment between the line shape given by equation 4.4.13 and the experimental data
(see figure 4.4.8). Note that the carrier temperature of the shocked PL spectra (fig-
ure 4.4.8) is 40° greater than the carrier temperature of the unshocked PL spectra
(figure 4.4.6). However, this is not significant since the error due to fitting is

*40K.

The nonequal quasi-Fermi levels shown in figure 4.4.6 is very interesting. If
the redistribution of the holes among the valence subbands can be characterized by

a time constant T, and the decay of the holes by a ume constant 1., (see for exam-
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ple equation 4.5.10), it is expected that for 1, < 1./, U2 = |, (and conversely, for

114 which show that the holes

T, > Ty, Hp # Wy). There has been experiments
thermalized within 11ps. Other experiments (see figure 4.5.12) indicate that
T ~ 200ps (> 1,). Consequently, it is expected that W, = 1, (and that line shape
shown in figure 4.4.7 will be observed). However, the line shape shown in figure

4.4.8 is observed. This suggest that 1, is different for dynamic compression (as

compare to static compression) of GaAs.

Another interesting feature seen in figure 4.4.4 is the increase in the observed
PL intensity from the shock compressed GaAs as compared to the unshocked GaAs.
This has also been observed in the shock compression experiments on CdSe. This

will be discussed further in chapter 5 (p. 136).

In summary, the longitudinal stress component and the transverse stress com-
ponent are unequal for shock propagation along the [001] direction of bulk n-GaAs.
From the shifts and splittings in the PL from GaAs, the longitudinal and transverse
components can be determined. The longitudinal stress component can be written
as the sum of hydrostatic pressure plus a uniaxial stress. The uniaxial stress

increases to a maximum of ~9kbar then decreases.



4.5 Gallium Arsenide Under Static Stress

The next experiment on n-GaAs study the hole dynamics under static uniaxial
stress. The hole lifetimes are expected to change with stress (see section 2.1). By
observing the time resolved PL from static uniaxially compressed n-GaAs, the stress
dependence of the hole lifetimes can be measured. The same theoretical formula-
tion described in section 4.4 for the shock compressed GaAs can be used for the
static uniaxial compressed GaAs by setting P = Okbar. A new experimental setup
is needed for the static uniaxial compression experiment and is described in the next

section.

4.5A Experimental Method for Static Uniaxial Compression

In a ring cavity dye laser, a 120mm thick Ethylene Glycol jet containing
1.6x1073M of Rhodamine 590 is pumped by the 514.5nm line of a CW Argon ion
laser. By utilizing 6.6x107°M DODCI in a 60mm thick Ethylene Glycol jet as a
saturable absorber, this ring cavity dye laser can be mode-locked. Mode-locking
occurs when two counter-propagating pulses coincide inside the DODCI dye jet.

This type of laser is called a colliding-pulse mode-locked (CPM) dye laser.

In a CPM laser, the temporal width of the pulse is influenced by the group
velocity dispersion, the self phase modulation (SPM), the available bandwidth of the
oscillator cavity, and the dyes’ ability to shape the amplitude of the pulse. There is

amplitude shaping of the leading (trailing) edge of the laser pulse by the saturable
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absorber (gain) jet. This cause a narrowing of the temporal width with a
corresponding broadening of the spectral width of the pulse. The spectral width of
the pulse can also be increased (up to the available cavity bandwidth) by focusing
the laser pulse in the saturable absorber jet for SPM. However, even with a broad
spectral width, group velocity dispersion in the optics and dye jets tends to broaden
the temporal width. This group velocity dispersion can be controlled by the incor-
poration of two pairs of prisms inside the laser cavity. By optimizing the above

pulse shaping mechanisms, the pulse can be as short as 27ps.

In this experiment, 100fs 620nm pulses from the CPM laser are used to gen-
erate the electron hole plasma (EHP) in a n-GaAs sample. The recombination of
the photogenerated carriers results in luminescence. The n-type Si doped GaAs
sample (with Np = 10'8¢m=3) is cut into a parallelepiped after alignment by x-ray
diffraction and cemented into a pair of brass cups. The brass cups are contained in
a stress frame where the upper cup is fixed and the lower cup is movable (see fig-
ure 4.5.1). A upward force on the lower cup applies an uniaxial compression to the
sample. The needed force is exerted by an elongated spring which is magnified by
a lever and transmitted by a pull frame to a pin which exert an upward force onto
the brass cup.!13 The stress frame with the pull frame and sample is placed into an
optical liquid nitrogen dewar for low temperature experiments. By varying the

applied pressure, the pressure dependence of the PL is observed.

The PL from the sample is analyzed with a polarizer and dispersed in energy
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Figure 4.5.1. Schematic diagram of the static uniaxial stress apparatus.
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Figure 4.5.2. Energy and time resolved image of the photoluminescence from GaAs.
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using a 275mm Czerny-Tumner spectrograph with a 150 grooves/mm grating
(Jarrell-Ash). This frequency dispersed spectra is subsequently detected by a streak
camera and video camera. In the synchroscan streak camera (Hamamatsu Photon-
ics), the light is converted into photoelectrons by a multi-alkali photocathode and
dispersed in time by a pair of deflection plates and reconverted back into photons
by a phosphor screen. The output of the streak camera is detected by a SIT camera
(Hamamatsu Photonics) which is controlled by a multichannel analyzer (Hamamatsu
Photonics). A typical image from the multichannel analyzer is shown in figure
45.2. The data is then transferred to a VAX 11/780 (Digital Equipment) or Sparc

Station 2 (Sun Microsystems) for analysis.
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4.5B Unstressed GaAs

A typical time integrated spectra of the unstressed n-GaAs at a sample tem-
perature of 104K is shown in figure 4.5.3. The PL peaks at ~825nm with a
FWHM of ~55meV. This wide PL width is due to the 10'8cm™> doping. The time
resolved PL spectra of the unstressed n-GaAs is shown in figure 4.5.4. There are
several interesting features displayed in figure 4.5.4. First, the cooling of the hot
EHP can be seen in the sharp peak in the 10meV slice centered at 1580meV of the
unstressed GaAs PL spectra. Looking at the first 500ps for the 1500meV band in
more detail (see figure 4.5.5), it can be seen that the holes cool within the resolu-

tion of the experiment (12ps). This is in agreement with previous results. 114

Another interesting feature displayed in figure 4.5.4 is the nonexponential
decay of the PL for different energies. The PL is related to the recombination of
the photogenerated electron hole pairs (i.e., n(1) electrons, p(t) holes, with
n(t) = p(t)). From the detail balance requintmt:nt,”6 the relaxation of the carrier
densities to the equilibrium carrier distribution (n; electrons and p; holes) is given
by

dn(t) _ dp(1) -
dr dt

[n" + n(’)] [p‘ +p(l)] -np; . (451)

Ignoring reabsorption and including Auger type transitions, the decay of the gen-

erated excess carriers can be described by'l7

dp(t) _

o = AP - Bp()? - Cp1)® (4.5.2)
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Figure 4.5.3. A plot of the time integrated spontaneous emission spectra from un-

stressed n-GaAs at T = 104K .
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Figure 4.5.4. Plots of the time resolved spectra of unstressed n-GaAs (—) for
10meV slices at a) 1480meV, b) 1500meV, c) 1520meV, d) 1540meV, €) 1560meV ,
and f) 1580meV. The dash lines are the fit to the data using equation 4.5.3 (see

text for details).
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where A = A, + A,,, A, is the radiative recombination coefficient, A, is the nonra-
diative recombination coefficient, B is the bimolecular recombination coeffi-
cient,116.118 and C is the recombination coefficient for collisional and phonon

assisted Auger transitions.}!? Equation 4.5.2 can be rewritten as

%’Ii = Alpr byt + ap?] (4.5.3)

where by, =b/A, b=BP,, ¢, =CP2/A, and p is defined by p(1) = P,p(1).
Since,!1% € = 10°Pcm® ! and the photogenerated EHP density is 10'3¢m™>, the
third term on the right hand side of equation 4.5.3 is negligible compared to the two

other terms.

With C = 0, the analytic solution to equation 4.5.3 is
-1
pu) = [(1 +b,) e —hA] . (4.5.4)

The constants A and b for various 10meV time slices between 1470meV to
1540meV are determined by least square fitting of the data to equation 4.5.4 (see
figure 4.5.4). From the fitting, it is found that b = 4.6x1073ps~! is approximately
constant over this energy range. The decay constant A is found to vary with energy
(see figure 4.5.6). The decay constant A is seen to decrease for energies below
1500meV, while above 1500meV it is almost constant. The energy dependence of

the recombination constant A in figure 4.5.6 has the following form,

A=A +A,

‘A
hv _ 1] . (4.5.5)
E
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It is interesting to note that energy dependence of the recombination constant A is
identical to the energy dependence of the allowed direct transitions.!20 A least
square fit using equation 4.5.5 to the data shown in figure 4.5.6 yields values of

Ay =25x10"ps™!, A, = 4.2x10%ps™!, and E = 1471meV.

The temperature dependent direct intrinsic gap of GaAs is given by!2!

(0.5408meV K1) T2

T = V -
€,(T) = 1519me T 504K

(4.5.6)

The band gap is €,(T = 104K) = 1500meV. Of course, since the experimental sam-
ple is 10'® Si doped n-GaAs, the band gap is expected to be slightly smaller!22 than
given by equation 4.5.6. It can be seen that the fitted value for the effective band

gap is quite reasonable.
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Figure 4.5.6. A plot of the decay constant A (+) as a function of the transition ener-

gy. The solid line is the fit from equation 4.5.5.
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4.5C Stressed GaAs (Energy Domain)

Under uniaxial stress, the four-fold degenerate valence subband of GaAs is
split into two spin degenerate bands (v, and v, bands) as shown in figure 4.4.1b.
The shifts of the GaAs band edges under uniaxial stress have been well established
by modulation sp<:ctroscopy.123 The shifts of the valence band edges relative to the

conduction band edge under static uniaxial stress (see for example Appendix A2)

are110
SE SES
AE,_,\(X) = 8E; - ~2;‘°‘ - 2Aol .., (4.5.7a)
E
AE,_ 5(X) = 8E; + o 2""’ , (4.5.7b)
and
AE,_,1(X) = 8Ej; + 8Ed, ..., (4.5.7¢)
(7]
where!!! OE, = (al+ af)(S7,+ 287X, dEo = 2b7(S7)- S1)X,
al + a’ = 8720meV, 2 = 2000meV, 2 = 1.2x10kbar™! and

§%, = =0.4x107kbar™! are the GaAs elastic constants,'98 and X is the compressive
uniaxial stress. The energy shifts according to equation 4.5.7, are plotted in figure
4.5.7. Note that this is identical to equation 4.4.11. This is to be expected since
for P = Okbar, the stress vector for shock compression (4.3.4) is identical to the
stress vector for uniaxial stress (2.2.11). The shift of the c—v, transitional energy is
only a few meV up to a stress of 10kbar, whereas the shifts of both the c-v, and

c—v; transitional energies increase monotonically with compressive stress.
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The matrix elements for {001] uniaxially stressed GaAs have also been calcu-

lated.!15:123 With stress, the matrix elements | <clépfv>| 2 (see Appendix A3)

for different polarization relative to the [001] stress axis (to first order in had ) are
(]
proportional to
I 1
v 4 [1 SE oo [ _ 28Ew
AO AO
(4.5.8)
V2 0 3
20FE OE
vy 2f1- 222 21+ 28
(4] A()

Neglecting the c-v3 transitions, this implies that the luminescence polarized parallel
to the stress axis is composed of only c¢-v1 transitions. The luminescence polarized
perpendicular to the stress axis is a mixture composed of both c-vl and c-v2 transi-
tions. Therefore, a comparison of the parallel and perpendicular polarized PL will

give information about the c-v2 transition.

By applying stress to the n-GaAs sample, the c-vl and c¢-v2 transitional ener-
gies will vary according to equations 4.5.7a and 4.5.7b, respectively. The time
integrated spectra for PL polarized parallel and perpendicular to the [001] stress
axis are plotted in figure 4.5.8a to 4.5.8e (for stress X = lkbar to Skbar, respec-
tively). From figure 4.5.8, it can be seen that the c-v1 transition (i.e., the PL polar-

ized parallel to the stress axis) shifts according to equation 4.5.7a. The c-v2
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Figure 4.5.7. The shifts of the v1, v2, and v3 valence subband edges relative to the

conduction band edge as a function of [001] uniaxial stress.
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Figure 4.5.8a. A plot of the time integrated spontaneous emission spectra polarized
| (---) and | (—) to the [001} stress axis from n-GaAs at T = 104K for X = lkbar.
The difference between the PL polarized parallel and perpendicular to the stress
axis gives the contribution to the PL from the c-v2 transitions (see text). As a

guide, the expected shifts of the c-v2 PL as a function of stress are plotted as tics.
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Figure 4.5.8b. A plot of the time integrated spontaneous emission spectra polarized
| (---) and | (—) to the [001] stress axis from n-GaAs at T = 104K for X = 2kbar.
The difference between the PL polarized parallel and perpendicular to the stress
axis gives the contribution to the PL from the c-v2 transitions (see text). As a

guide, the expected shifts of the c-v2 PL as a function of stress are plotted as tics.
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Figure 4.5.8c. A plot of the time integrated spontaneous emission spectra polarized
Il (---) and | (—) to the [001] stress axis from n-GaAs at T = 104K for X = 3kbar.
The difference between the PL polarized parallel and perpendicular to the stress
axis gives the contribution to the PL from the c-v2 transitions (see text). As a

guide, the expected shifts of the c-v2 PL as a function of stress are plotted as tics.
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Figure 4.5.8d. A plot of the time integrated spontaneous emission spectra polarized
Il (---) and | (—) to the [001] stress axis from n-GaAs at T = 104K for X = 4kbar.
The difference between the PL polarized parallel and perpendicular to the stress
axis gives the contribution to the PL from the c-v2 transitions (see text). As a

guide, the expected shifts of the c-v2 PL as a function of stress are plotted as tics.
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Figure 4.5.8¢. A plot of the time integrated spontaneous emission spectra polarized
| (---) and | (—) to the [001] stress axis from n-GaAs at T = 104K for X = Skbar.
The difference between the PL polarized parallel and perpendicular to the stress
axis gives the contribution to the PL from the c-v2 transitions (see text). As a

guide, the expected shifts of the c-v2 PL as a function of stress are plotted as tics.
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transitions can be extracted, as noted above, by subtracting the parallel PL spectrum
from the perpendicular PL spectrum. As a check, the sum of the parallel and per-
pendicular PL spectra agree quite well with the unpolarized spectra. The c-v2 PL
for various compressive stress are plotted in figure 4.5.8. The width of the c-v2 PL
(~40meV) is found to be slightly narower then the c-vl PL. From equation 4.5.7b,
the blue shifts for X = 1kbar to Skbar relative to X = Okbar are also plotted as tics
above the c-v2 profiles in figure 4.5.8. Note, these ticks have been shifted to point
to the peak positions and not the band gaps. From figure 4.5.8, the c-v2 PL can be

seen to blue shift in agreement with equation 4.5.7b.
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4.5D Stressed GaAs (Time Domain)

The stress dependence of the changes in the gain of semiconductor lasers has
been studied in relation to changes in the effective mass of the holes.!?* The stress
dependence of the absorption coefficient has been calculated!?> using an effective
mass that is linearly dependent on the stress (mg g = mg + mqI881X, for a = v1 or
c and B =l or |). The absorption coefficient as a function of stress (see Appendix

AS) is given by

h 372 1
Ay(X) X) _ 2
Aathv, X) = | = Hy Ufglrau-1z 459
A° Ho 2% 14(u-1)22
0 -1 -1 -1 HX)
where A((X) = A" - AE._,(X), A° =hv—-E,, Y, =m. +my, u=m,
1

WO = mo X +my X7, w X =m X+ my (X)L, m, s the con-
duction band effective mass, and m, is the vl valence band effective mass. It can
be seen that for 8! > 0 and 8/ < 0, the absorption increases monotonically with
stress. The increase in the absorption coefficient causes the penetration depth of the
incident laser pulse to decrease. Therefore, assuming all other factors are constant,
the same number of carriers is generated but in a smaller volume. This implies an
increase in the photogenerated carrier density as a function of stress. Since the PL

16 is proportional to P2, by taking the square root of the

photon flux at initial time
number of photons detected at initial time, P, can be determined. The ratios
AP (X)=P,(X)/P,(X =0kbar) are plotted as crosses in figure 4.5.10. This

increase of ~50% for P, for a stress of X = Skbar can be attributed to the change
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in the absorption coefficient as a function of stress. To compare the experimental
data with equation 4.5.9, a few constants are needed. For GaAs, the effective

masses are!26 m_ = 0.066 and m, = 0.082. For an applied stress of X = Okbar to

AI(X) . 8 B
Skbar, - = 1. Since 8" and &}, ( for B =|| and | ) have the same order of

magnitude and sign, by using 8!=8!,= & =0.1lkbar™! and 8!=3} =
8, =—0.09bar~!, there is good agreement with the experimental data (see figure

4.5.10).

The time resolved spectra of stressed n-GaAs is qualitatively similar to the
unstressed n-GaAs (see figures 4.5.9 and 4.5.4). By fitting a 40meV slice of the c-
vl PL (i.e., the PL polarized parallel to the stress axis) to equation 4.5.4, the change
of the decay constants b and A as a function of stress can be determined (see fig-
ures 4.5.10 and 4.5.11). Also plotted as a solid line in figure 4.5.11, is the change
in the matrix element as a function of stress (equation 4.5.8). It can be seen that
the variation of A with stress can be attributed mostly to the stress dependence of
the matrix elements. The decay constant & which is plotted in figure 4.5.10 also
shows a strong stress dependence. It appears that the stress dependence of b is the
same as the stress dependence of P,. From this one may conclude that the stress
dependence of b = BP,, is due entirely to the stress dependence of P, and that the
bimolecular recombination coefficient B is essentially independent of stress. From
the experimentally determined value of the recombination constant b at X = Okbar

(b, = 5x1073ps™") and a carrier density of 10'cm™>, the bimolecular recombination



coefficient for this experiment is B = b/P, = 5x10 %cm3s 7.

This is different than
the reported!2”7 values of B = 5x1078cm3s™! to B = 5x107%m3s~1. This difference
can be attributed to surface recombination and a nonuniform photogenerated carrier

density which have a strong influence on the bimolecular recombination coeffi-

cient.128

Since the decay of the PL is nonexponential, the lifetime of the hole is time
dependent.11® However, an effective lifetime can be defined as the time for the

photogenerated cariers to decrease to e~ of its initial value. The effective life-

time'}7 can be obtained from equation 4.5.4, by solving e”! = p-(teff) for 1, (see

Appendix A6). This yields

1

-1 Ae + b
Teff—-A— n

4.5.
Tk , (4.5.10a)

where e = 2.71828. Since A(X) = A,AA(X) and b(X) = b,Ab(X), this expression

can be rewritten as

A,AA(X) e + b,Ab(X)
A,AA(X) + b,Ab(X)

1

= 4.5.10b
ol T A AAKX) ( )

_Using the experimental values of A, =9x10™ps™, b, = 5x107ps~!, and the
AA(X) and Ab(X) shown in figures 4.5.11 and 4.5.10, respectively, the effective
lifetime of the v1 holes as a function of stress is plotted in figure 4.5.12. It can be
seen that there is a 70ps decrease of the v1 hole effective lifetimes as the stress on

the n-GaAs is increased from X = Qkbar to X = Skbar.
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Figure 4.5.9. Plots of the time resolved spectra of stressed (X = 5kbar) n-GaAs (—)

for 10meV slices at a) 1480meV, b) 1500meV, c) 1520meV, d) 1540meV, e)

1560meV, and f) 1580meV. The dash lines are the fit to the data using equation

4.5.3 (see text for details).
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Figure 4.5.10. A plot of the change in P, (+) together with the change in decay
constant b ( [J and A) as a function of stress X. The solid line plotted is the

theoretical prediction from equation 4.5.9 (see text).
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Figure 4.5.11. A plot of the change in the decay constant A ( [J) as a function of
stress X. The solid line is the change in the matrix element as given by equation

45.8.
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Tuming our attention to the c-v2 transitions, from figure 4.5.8 it can be seen
that the c-v2 PL is not clearly separated from the c-vl PL and is also much weaker
than the c-vl transition. The c-v2 time resolved PL can be obtained from the
difference of the parallel and perpendicular PL (as described in section 4.5c). The
stress dependence of the lifetimes of the v2 holes can be extracted using this
approach. However, this means that the accuracy is not as good as for the c-vl
transitions. Looking just at the time resolved spectra of the c-v2 transitions for
X = Skbar (extracted from the data shown in figure 4.5.8¢), the PL from the c-v2
transitions has the same qualitative features as the PL from the c-vl transitions (see
figure 4.5.13). Using equation 4.5.4, the bimolecular recombination coefficient
(B = 5x107°cm3s™") for the c-v2 PL (see figure 4.5.13) is the same as for the c-vi
transition at X = Skbar. The c-v2 decay constant is A = 8.4x10™ps™), in contrast
with the observed A = 10.x107%ps! for the c-v1 transition at X = Skbar. From
equation 4.5.10a, this yields only a difference of 8ps between the effective lifetimes
(T¢rr) of the c-v1 holes and the c-v2 holes. Therefore within the experimental accu-
racy, the decay times of the c-v2 transitions and the c-v1 transitions are almost the
same. This is to be expected, since the holes are thermalized among the v1 and v2

valence bands within 11ps 114

In summary, three major strain effects have been observed in the hole dynam-
ics of n-GaAs. The transitions involving the vl and v2 valence bands have been
seen to blue shift. The stress dependence of the effective mass causes an enhance-

ment of the absorption coefficient, which shows as an increase in the density of the
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Figure 4.5.12. A plot of the effective lifetimes of the v1 holes ( [] ) as function of

stress X. The dash line is plotted as a guide.
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Figure 4.5.13. A plot of the time resolved spectra (—) for a 40meV slice at
1555meV of the c-v2 PL from X = 5kbar uniaxially stressed n-GaAs together with

the fit (---).
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photogenerated camiers. The time resolved PL spectra from n-GaAs is found to be
nonexponential. The decay constant B is independent of stress, while the stress
dependence of the decay constant A is in agreement with the stress dependence of
the matrix elements. It is found that the effective lifetimes of the vl holes decrease

as a function of stress.
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4.6 Gallium Arsenide Quantum Well

The fourth shock compression experiment is on a Snm GaAs quantum well.
For the GaAs quantum well, the 30m/ pump pulse is focused to a 1250um diame-
ter spot on the aluminum foil. The 400n/ probe pulse which is collinear and
counter-propagating relative to the pump pulse is focused to a 750um diameter spot
on the front surface of the sample. Data are recorded with the sample held at
T = 80K. A representative spectra of the PL from the unshocked and the shocked
GaAs quantum well is shown in figure 4.6.2. In this figure, there are two emission
lines in both the unshocked and shocked PL spectra. In the unshocked spectra,
there is a strong line centered at ~1645meV with a FWHM of ~35meV and a very
weak line at ~1695meV. In the same figure, the shocked spectra shows the same
strong line blue shifted to ~1660meV with a FWHM of ~40meV and the very weak

line is blue shifted to ~1703meV .

For an unstressed Sam GaAs quantum well, the valence (and conduction)
bands are quantized by the confining well potential (see figure 4.6.1). The lowest
transition band is at 1647meV and is denoted the c-hhl transition.!2% The next
higher transition is at 1703meV and is denoted the c-lhl transition. Examining the
unshock spectrum displayed in figure 4.6.2, the c-hhl transition is readily observ-
able, whereas, the c-lh] transition is bearly observable in the noise of the spectrum.
The unshock spectrum has a blue shift of A._,,; = 15meV for the c-hhl transition.

It is difficult to observe the c-lhl transition, but there appears to be a blue shift of



A _jny = 8meV under shock compression.

The same type of analysis as described in section 4.4 can be used for the
shocked GaAs quantum well (see figure 4.6.2). It has also been shown!30:131 that
the stress dependence of the energy shift of the c-hhl transition is identical to c-v2
transitions in bulk GaAs for X < 5kbar along the growth direction. For the c-lhl
transition, the stress dependence of the energy shifts is qualitatively the same but is
approximately 10% greater than the bulk situation. Neglecting this 10% difference
between the bulk and the Snm quantum well, the energy separation between the c-
hh1 and the c-lh1 transitions (A,y;;) is plotted in figure 4.6.3. Note that A,
decreases as a function of X. The lowest transition c-hhl has a larger blue shift (as
a function of X) as compared with the blue shift of the next higher transition c-lhl.
Consequently, as X increases, the energy scparation between the c-hhl and the c-
lh1 twransitions decreases. Looking at the shock compression data for the GaAs
quantum well (see figure 4.6.2), there is a blue shift of A._,,, = 15meV and
A._ip1 = 8meV for the c-hhl and c-lhl transitions, respectively. The difference
between the blue shift of the c-hhl and c-lhl transitions gives the change in the
separation between the c-hhl and c-lhl transitions G.e.,
A._in1 — B_ppy = 8meV — 15meV = ~TmeV). Therefore, the separation between
the c-hhl and c-lhl transitions under shock compression becomes A (X) =
Apiy(X = Okbar) + (<TmeV) = 56meV — TmeV = 49meV. From figure 4.6.3,
Ay (X) = 49meV corresponds to X = lkbar. This implies that there is ~1lkbar

difference between the longitudinal and transverse components of the shock wave.
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Figure 4.6.1. Schematic diagram of the energy levels in a 5Snm GaAs quantum well.
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Figure 4.6.2. A plot of the unshocked (---) and shocked (—) spontaneous emission

spectra from a Snm GaAs quantum well at low probe intensity (400n/).
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Figure 4.6.3. A plot of the stress dependence of the separation between the GaAs

quantum well transitions c-hhl and c-lh1 (A,;p).
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In summary, shock compression of a GaAs quantum well along its growth
direction has been observed. The determination of the stress components of the
shock wave is identical to the analysis for bulk GaAs. It is found that there is
~1kbar difference between the longitudinal and transverse components of the shock

wave.
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V. Conclusion

In this thesis, the following has been learned about laser generated shock
waves. First, the generation of reproducible shock waves using picosecond laser
pulses requires all surfaces to be plane and parallel to each other so that there is
good mechanical contact between the sample, the aluminum foil, and the quarz
overlay. Second, confinement of the plasma by a quartz overlay allows the genera-
tion of high pressures. Finally, to increase the generated pressures, the energy of

the laser pulses can be increased while keeping the spot size constant.

From the shock compression experiments on GaSe, the spontaneous and stimu-
lated PL is attributed to an exciton exciton scattering mechanism. One of the
effects of the shock compression is to change the band gap, which causes charac-
teristic changes in the PL spectra within the framework of the exciton exciton
scattering model. The shock induced line broadening is related uniquely to the

transient nature of shock compression.

From the shock compression experiments on CdSe, an increase in the PL from
shocked CdSe as compared with the unshocked CdSe has been observed. One pos-
sible explanation for this increase in the observed PL intensity under shock
compression is the increase of the absorption coefficient due to the increase in the
cffective mass (similar to the effect seen in the GaAs static compression experi-
ments). The time evolution of the shock pressure P in CdSe has also been deter-

mined from the blue shift of the PL under shock compression. The difference
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between the longitudinal and transverse stress components of the shock wave
([P +X]-1[P]=X) can not be determined in these shock compression experi-
ments. There are two main problems encountered in this experiment. First, the PL
lines corresponding to the c-vg transition and the c-v, transition can not be
resolved. Second, within the range of shock pressure of interest, the transition with
the lowest energy can be either c—v, or c—vp (see figure 4.3.5). This makes the
analysis of the shock compression experiment very difficult. Therefore, two criteria
that must be met in order to determine the transverse and longitudinal stress com-
ponents of the shock wave is: 1) the PL emission lines corresponding to two transi-
tion which separate as a function of X must be clearly resolved; and 2) the ordering
of the energy of the two transitions should not be changed within the range of

shock pressure of interest.

It turns out that the valence bands of GaAs have the appropriate X behavior
needed for a unique determination of the transverse and longitudinal stress com-
ponents of the shock wave. From the shock compression experiments on GaAs, the
transverse and longitudinal stress components of the shock wave can be determined
from the shifts and splittings of the PL. The longitudinal stress component can be
written as the sum of hydrostatic pressure plus a uniaxial stress. The uniaxial stress
increases to a maximum of ~9kbar then decreases. Therefore, the longitudinal
stress component and the transverse stress component are unequal for shock propa-

gation along the [001] direction of bulk n-GaAs.
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In the shock compression experiments on GaAs, an increase in the PL intensity
under shock compression has also been observed. In this case, the increase can be
qualitatively explained by the enhancement of the absorption coefficient due to the
stress difference between the longitudinal and transverse stress components of the

shock wave.

In the static uniaxial compression experiments on GaAs, three major strain
effects have been observed in the hole dynamics. The band edges involving the vi
and v2 valence bands have been seen to blue shift. The stress dependence of the
effective mass causes an enhancement of the absorption coefficient, which shows as
an increase in the density of the photogenerated carriers as a function of stress. As
discussed above, this is also the most likely explanation for the increase in the PL
from GaAs under shock compression. The time resolved PL spectra from n-GaAs
is found to be nonexponential. The bimolecular recombination coefficient B is
independent of stress, while the stress dependence of the decay constant A is in
agreement with the stress dependence of the matrix elements. It is found that the

effective lifetimes of the vl holes decrease as a function of stress.

Also in this thesis, the first observation of shock compression of a GaAs quan-
tum well along its growth direction has been observed. The determination of the
stress components of the shock wave is identical to the analysis for bulk GaAs. It
is found that there is ~lkbar difference between the longitudinal and transverse

components of the shock wave.
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VI. Future Direction

6.1 Shock Propagation In Semiconductor Heterostructures

From the shock compression experiments on bulk GaAs and quantum well, it
has been shown that the stress components of the shock wave can be measured as a
function of the propagation time. This suggests two new series of expenments
involving shock propagation. First, it is interesting to simultaneously measure the
shock velocity Us and the time evolution of the longitudinal and transverse stress
components of the shock wave. This can be accomplished by looking at the PL
from two different quantum well (see figure 6.1.1). By varying the pump-probe
delay time, the shock profile can be determined from the PL from quantum well #1
(see section 4.6). If the width of quantum well #2 is chosen such that the PL
occurs at a spectral region separated from the PL from quantum well #1, the shock
profile in quantum well #2 can be simultaneously determined. This also provides
the time Ty needed for the shock front to move from quantum well #1 to quantum
well #2. The shock velocity can then be determined from a time of flight calcula-

tion, since the spatial separation of the two quantum wells (lp) is known (i.e.,

l
Us = —‘tg_)' For this experiment, the experimental setup described in section 3.3
Q

need to be modified for liquid Helium temperatures, since this would give a better
signal to noise ratio. At liquid Helium temperatures, it may also be possible to

resolve the luminescence due to transitions involving defects from the luminescence
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Figure 6.1.1. Schematic diagram of shock propagation in structures.
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due to band to band transitions.

Another experiment concerns the influence of the peak pressure generated on
the time needed for the equilibration of the longitudinal and transverse stress com-
ponents of the shock wave. For this experiment, an experimental setup similar to
the one described in section 3.3 can be used with a more powerful laser, so that the

generated pressure can be increased.
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6.2. Intervalence Transitions

One of the questions raised by the results of the stressed GaAs is what is the
net transition time between the v1 and v2 valence subbands as a function of stress.
The current experimental setup used for the static uniaxial compression experiment
cannot be used to obtain this time. However, by substituting a tunable laser (such
as a Ti:sapphire laser) for the CPM laser in the experimental setup described in sec-
tion 4.5, the transition time may be determined. The basic idea is to observe the
rise time of the photoluminescence at the I" point. By comparing the rise time
when the probe beam energy is tuned to generate holes in both the v1 and v2
valence subband (see figure 6.2.1b) with the control situation where the probe beam
energy is tuned to just above the v2 so that it can only generate holes in the v1
valence subband (see figure 6.2.1a), the transition time between the v1 and v2
valence subband can be determined. Note that this transition time can only be
determined if it is greater then the resolution of the experimental setup (otherwise,
only a upper limit can be determined). From the typical pulse width of a
Ti:sapphire laser of 2ps, the resolution of the experiment is determined by the reso-

lution of the synchroscan streak camera which is 10ps.
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Figure 6.2.1. Schematic diagram of generation of carriers in a) control situation and

b) test situation, using a tunable laser.
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Al, CdSe Transitional Energy Shifts Under Shock Compression
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Using the elastic compliance for hexagonal lattices (4.3.3) and the shock

compression stress vector (4.3.4), the strain stress relationship (2.2.7) is

(6] [snsnsn o 0o o |[ -p
en| [Smsnsn o 0 0 -p
e | | S snsp 0 0 0 -P-X
25| |0 0 0 sy o0 0

2€,, 0 0 0 0 S 0

260) |0 0 0 0 0 2asH-sp)|

J

This yields the strain stress relationship for shock compression along the ¢ axis in

hexagonal semiconductors:

€1 =€p=—(ST)+S1+STIP - S13 X

533 = —(25'{34’ Sgé) P - S:’;}X N

and
2823 = 2531 = 28]2 =0 .
From equation 4.3.5, note that

€. =€) — €y + 2i£]2 =0

and

= £ ii£23=0 .

(4.3.5a)

(4.3.5b)

(4.3.5¢)

(Al.la)

(Al.lb)
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Using equations Al.1 and 4.3.5, the strain Hamiltonian 4.3.2b becomes

H,p = af (€ + €3 + al€33 + by (€, + €))L + byessl]

sl +e L)+ dY [E_C{L3, L+ e {Ls, L_}]

= —8EY - [asg]Lg : (A12)
where
dEY = agf [25‘{3 + 53”3]P + 2a‘,”[S‘{, +STh +ST3 | P
+ [agsgg + 2a',"S‘{3]X
and

SEY = by [25;3 + 3;3] P +2b% [slw, + 8%+ Sh|P

+ [bgs;3 +2b% yg]x : (4.3.8)

The crystal field and spin orbit Hamiltonian is

— 1 _ 1
Hso—cf = Al Lo - 7 + Az [L% - l] + Acsz L3'O'3 - 5] , (4.3.1)
2A A A
where A, = 350 - %2 and Ay= A+ —;—2

From the stress Hamiltonian A1.2 and the crystal field and spin orbit Hamiltonian

4.3.1, the Hamiltonian for the valence band is

H, =Hy o +H,y = CY +CO, + C505 + C30% (A1.3)



146

where
w Al Acs2 w
Cy 5——2——A2—- 3 - OEY (Al.4a)
Cy =4, , (Al.4b)
Cy =4A,-OEY (Al.4¢)
and
Cg’ = ACJ2 . (A]4d)
The relevant operators are
0,=Lo , (Al.52)
oy=L%? , (A1.5b)
and
05"5[;363 . (A]SC)
Using the operators A1.5 on the wave function ®,, = P_ X1 yield
0,9, = %% : (Al.6a)
07 D, =0, , (A1.6b)
and
w 1
OF Dy = 5Dy (A1.6¢)

Using the operators A1.5 on the wave function @,z = P_X1 yield

1 1
0, Dy =_5¢v8 - qzd’vc , (Al.7a)
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Oy &p=0; , (A1.7b)

and

1

¢v8 . (A17C)

Using the operators A1.5 on the wave function @, = P, X, yield

1

0, = —vzd)vg . (Al.8a)
oy d =0, (A1.8b)

and
o7y &,=0 . (A1.8¢)

Since the wave functions are orthonormal (i.e., <®;| ®,> is nonzero only for
i = j), the matrix elements <&, | O, |®; > can be obtained from equations Al.6,

Al.7,and Al1.8. The only nonzero matrix elements < ®,| H, |{®,> are

<D, H,|D,> EA{”=C5"+%C‘{+C‘2"+%C‘3" . (A1.9a)

<d>vB|Hv|d>vB>EA:?:C(‘)”—%C',”+C‘2”—%C§" . (A19b)

<O, |H NP> =AY=Cf (A1.9¢c)
- AW _ __ ] w
<Dl H, P> =AN= VEC‘ , (A1.9d)
and
<O IH, D> EA§”2=——3—CW=A§”3 . (A1.9¢)

V2
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This yields the matrix

P X+ P X+ PX,

A¥ 0 0
Ho= | 0 Ay A%, (4.3.6)
0 AL AY

where the components (from equation A1.9) are

Ay =-8EY - BEY , (4.3.7a)
Ay =-A) - A, - BEY - BEY (4.3.7b)
. 1 1 w
Ay =By~ 58 - 582~ SEZ (4.3.7¢)
and
A% =--La, (4.3.7d)
2

Aa =AY, (A1.10a)

2 274
)‘VB =-;—[Aiv+l\j;v] + —;— [[/\5"—/\3"] + [2/\;3] ] , (A1.10b)

and
i 1 2 274
}‘vC=5[A{+A§v] -5[[/\5"—1\%"] + [2/\5”3] ] . (Al1.10¢c)

Equation A1.10 give the energy of the band edges of the CdSe valence subbands

V4, Vg, and v~. Note that
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1 [ w ] Aso Acsl 3Ac52
= |[AY+ Ay | =- - -
2172778 2 2 4

w 1

(Al.lla)
and
2
1 [[ w ] [ ] ] c:l AcsZ Z(Acsl)
— 1AY== AY 2A%; -
2 1172 B s ' oA,
1 4Acs1
+ 1= - SEY
6 9A,, b
SEW] + ... . Al.llb
9ASO [ ( )
Using Al.11, equation Al.10) become
A= —8E§'— SE;,*' . (Al.12a)
2Arsl Z(Acsl)‘
)‘VB = - T B¢s?
3 9A;,
ey | Ly 20 fspw [SEW] + (A1.12b)
a 3094, | b 9A,,, o
and
A 1 AC\"Z 2(Acsl)2
}\-v(' =—A - csl § _
50 3 2 9A,,
2 4Acsl 2 2
- SEY - -————BEW———[SEW] .. (ALI2
" [3 %, |0 e, (e ) Y (1120
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To obtain the transitional energy shifts, the shift of the conduction band with

stress is also needed. Using equation 4.3.5, the strain Hamiltonian 4.3.2a becomes

H = —acw[ e+ €t e33]

=ac'"[25‘1"3 +S§3]P +2(1:[S‘]v] +S‘iv2 +S'103 P

+ [G(WS:‘;V:; + 2(1:'5‘1”3]X .
Therefore,

AY=® H.d, =

=a,w[25‘1”3 +S¥1]P + 20(” [S‘lv] +S']v2 +S‘]v3 P

+ [a(‘"S‘3”3 + 2ac‘“S‘,”3]X

Using equations A1.12 and A1.13, the transitional energies are

Econ(P.X) = EJ + A2 —hp = B + OEj; + 8EF

Ec.gP.X)=E} + AY - A

cs ]
+

1
+ | =
£

-w
8

cs |
+ -

9A

30

and

cs2

SEY -

(A1.13)
(4.3.9a)
2A )
_9Ac:o + 8E};
2
92 [55;3] +...,  (439b)
50
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EcowcPX)SES+ AY = M

— A A 2(A 1)2
“EY+ A + csl + cs2 + s + SEY
g SO 3 2 9Aso H
2 4Acsl 2 2
+ —————SEW+—[ w]+..., 4.39
[ 3 9A, |t %A, O} (@.35¢)

where

OE)} = [[ac‘v + a{,”] [25‘1”3 + 85‘3] +2 aé”-!»a‘,”] [S‘l”, + 8T + 813 ]P

+ “a;v + 05'153’3 + 2 [a;v + a‘,”]S'{:,]X . (4.3.10)
Then, the shifts of the transitional energies with P and X are
AE._ AP, X)=E__4(P,X)—E._,,(P =O0kbar, X = Okbar)
= 8Ej; + 8EY (4.3.11a)

AE _pg(P,X)=E _g(P,X)— E._g(P =O0kbar, X = Okbar)

1 4Ac: 1

=0E/j+ | = + —— | BEY
Mo 13 7oA, | °

2
9A,,

[55;;]2 o, (43.11b)

and
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AE._c(P,X)= E,_,c(P,X) - E,_,c(P = Okbar, X = Okbar)

2 4Acsl
=8E; + | = - OEY
HT13 oA, | b
2 )2
+5as [55;3] . 4.3.11c)
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A2. GaAs Transitional Energy Shifts Under Shock Compression

Using the elastic compliance for cubic lattices (4.4.4) and the shock compres-

sion stress vector (4.3.4), the strain stress relationship (2.2.7) is

) \ )
€11 § S5 85, 0 0 O -P
€77 Siz Sh Siz 0 0 0 -P
e | _|S22 525 0 0 0 [-P-X
2e,, 0 0 0S4 0 0 0
2, 0 0 0 0 Si 0 0
262) |0 0 0 0 0 si| |

This yields the strain stress relationship for shock compression along the [001] axis

in cubic semiconductors:

E” =€22=-[521]+2512]P—S€2X N (445a)
533=—[S§1+2S€2]P _Silx ’ (445b)

and
2653 =265, =261, =0 . (4.4.5¢)

From equation 4.4.5, note that

[511+ €t E33] =—(5],+25iH3P+X) , (A2.1a)
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[e,, L3-1L2 +c.p.]=— (§3,+ 25%,)P
wlrz-Lpzep2-Lpagp2_ 12
13 23 33
sox|lez- ez 12
— 912 Y
- [sqlx] L? - %Lz
z 2 2 1 2
= - (S“—slz)x L3——§-L , (A2]b)
and
{8” L,&l——,l;—l,'(.! +C.p.]=_[(S€I—S§2)X]
X L363—7:—L'6 (A21C)

Using equations A2.1 and 4.4.5c, the strain Hamiltonians 4.4.2 become
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L? - 12
3

+ c.p.]

H,, = aj [511*' €+ 533] + 3b} [En

+ 2342 [e,z{Ll. L,}+ c.p.]

= —a? (83, + 253,) (3P + X ) - 3b} [(sg, - s:z)x] L? - %1} (A2.22)
and
HSpi’l = 2072 [€”+ Ezz‘f‘ 533 ] L(—)’ + 6b§ [Ell Llc-,] - —l—L(-S + Cp]
+ 2\’3(13 [elZ(L,c_s2 +L,0)) + c.p.]
= —2a}(S%, + 283,)(3P+ X )LG

A
—Lo- —30-) and A2.2, the Hamiltonian for the

From equations 4.4.1 (H,, = 3

valence band is
H, EH:() +Horb +Hspin =C0+C10| +C205+C30§ , (A2.3)
where

0

Co=-1 - aj(8},+ 251 3P+ X) (A2.42)



2A

/]

€= 5% - 2a3(S],+ 25])(3P+X)

C2 = -3b€(5§1 - Siz)x ’

and

The relevant operators are

and
" — 1, =
05 = L303 - -3-L0 .

The relevant wave functions for [001] stress in GaAs are

(3 3
(b\/ZE E’E =P+XT’
\
301 1 V2
O, = |2, 1= P - 2P
vl [2 2J 3 4’l 3ZT

and

N

N 1
¢V3=[_2—’-2_]_,\ P,._Xl"'-vg—szT,

&
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(A2.4a)

(A2.4c¢)

(A2.4d)

(A2.53)

(A2.5b)

(A2.5¢)

(4.4.6a)

(4.4.6b)

(4.4.3)

where P, = —\715 [P, + P, ], P,. Py, and P,, are the p-like basis functions, and X1

and X are the spin basis functions.



Using the operators A2.5 on the wave function @, , yield
0,0,,= 1o
1 v2 2 v2
05 d)vl = _¢v2 ’
and
0§ d>v2 =
Using the operators A2.5 on the wave function ®,, yield

1
Ol (bvl = E'd)vl s

e 1 V2
2 <r)vl __gd)vl + Td’v} ’
and
1 V2
oid,, =—— , - =, .
3 Wyl 3 vl 6 v3

Using the operators A2.5 on the wave function @, ; yield
0,9,;=-d,3 ,

.

and

V2
0§ <I’v3 = _?d’vl .
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(A2.6a)

(A2.6b)

(A2.6¢)

(A2.7a)

(A2.7b)

(A2.7¢c)

(A2.8a)

(A2.8b)

(A2.8¢)

Since the wave functions are orthonommal (i.e., <®;| ®;> is nonzero only for

i = j), the matrix elements <®;]| O, |®,> can be obtained from equations A2.6,



A3.7, and A3.8. The only nonzero matrix elements < ®;| H,|®;> are

le,+ 1

<¢v2|”v|¢v2> EA5=C0+-;—C1+ 3C2+3
<d | H|b,>=Al=Co+ 1C - Lc,- ]
vl v vl = 1 0 2 1 3 2 3

<¢v3l Hvl¢v3> = Ag = CO - Cl ’

, V2 V2
<O, | H,) D3> = Af3 = —3—C2‘ TCB ,

and

V2 V2

<®,lH,|D,> = A§l = TC2 - —C= AIZ3 .

6

This yields the matrix

D, O, D;
A3 0 0
Hq = 0 A} A .
0 Afz Af

where the components (from equation A2.9) are

Aj = -8E}; - SEwi ,
2
A?=-8E}; + _—852‘”’ :

Ag = ‘A() - BEﬁ *

and

. \ESE(E _
135 ———

Csy

.__C3 ,
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(A2.9a)

(A2.9b)

(A2.9c)

(A2.9d)

(A2.9¢)

4.4.7)

(4.4.8a)

(4.4.8b)

(4.4.8¢)

(4.4.8d)



159

with
OE}; = (ai+ a})(S];+ 253,) (3P + X) , (4.4.9a)
SEY = (@} 2a3)(S3,+ 251,)(3P + X) , (4.4.9b)
SEm = 2(b%+ 2b5)(S%,- S1,)X (4.49¢)

and
SEz: = 2(b3— by)(S3,- SINX . (4.4.9d)

The eigenvalues of equation 4.4.7 are

L= AL, (A2.10a)

2 2714
151=%[Af+ Ag’] +—;—[[A,’— Ai] + [2/\{3] ] , (A2.10b)

and
, 1 . . 1 . , 2 s 274
v3 = —-2 )\1+ A3 - —2 Al_ /\3 + 2/\13 . (A210C)

Equation A2.10 give the energy of the band edges of the GaAs valence subbands

vy, Vo, and v;. Note that

A
%[AH A§]=—TO—SE,V,+ 854“" , (A2.11a)
and (for 8E); = 8Ej; and 8Ew; = OEw),
1 ; z]2 [ 2 }2]"‘ a, SE oo SE&:
— - A = — ce . .
3 [[A1 3l + |2A% 3 + 2 + %A, + (A2.11b)

Using A2.11, equation A2.10 become
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SE
Az, = -8E) + _2?"_‘ + Z‘i&“ +... (A2.12a)

0

Al = —-8E} + 85;001 , (A2.12b)

and

Ay =—-A, - OE}, - SE 4, - .. (A2.12¢)
2A,

To obtain the transitional energy shifts, the shift of the conduction band with
stress is also needed. Using equation A2.1a, the strain Hamiltonian 4.4.3 becomes

H, =-a [ £+ Exrt e33] = @53, +255,)(3P+X) . (A213)

Therefore, <&, | H.|®,.> = A7 =al(5},+253;)(3P + X ). The transitional ener-

gies are
E._(P.X)=E, + Al -2, =, + 8k} - OE _ 8Ed
c—v1(P, )=8+ c_)"vl_g+ ”-_2——— 24, ton
- z z r 5 OE o0y
EC—VZ(P’X)=Eg+Ac-lv2=Eg+8EH+ ,
and
SE
+...,

Ecos(P,X)= Eg + Al =My =E, + A, + 8Ef +

0

where OEj; = (ai+ ai)(Si;+ 25{;)(3P + X). Then, the shifts of the transitional

energies with P and X are



AEC-V](Po X) = Ec—v](Pv X) - EC—V](P = Okbar, X = Okba")

OE oo SES,
—_— +... .,
2 2A

o

= 8E}, -
AEc_vz(Pv X) = Ec_vz(Py X) - EC—Vz(P = Okbar. X = Okbar)

5E(I)l
= OEf; + ,
H 2

and

AEc—y}(P’ X) = Ec—v}(Pv X) - EC—V3(P = Okbar, X = Okbar)

SE
24,

= 8EISI +
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(4.4.10a)

(4.4.10b)

(4.4.10¢)




A3. GaAs Matrix Elements Under Shock Compression

The relevant wave functions for [001] stress in GaAs are

D, = [%% =Pt , (4.4.62)
V2
®,, = [% %] - %pm - %psz : (4.4.6b)
and
1 V2 1

where P, = :}15 [P, +iP, ] P,, Py, and P,, are the p-like basis functions, and X1

and X are the spin basis functions.

From perturbation theory, the first order wave function is

<®;|H, 0>
l‘lll'zd)""' z (bj . (A3l)
jegy  E?-E}
With
V28Em
<O H, B> = A= o (4.4.8d)
and
<O, H,|®,,> = A} = AL, (A2.12e)

the first order wave functions are



A
\yvl=¢vl 3 d’v}
-Ao
A 1 . Ay |t
= [V2-222 | px - [2+V2 P,X
[ Ao :'Tg + Jv Ao Vg 2 T ’
lyv2_P-c»xT ’
and
A 3
\Pv3 = <bv] + A23 ¢v3
Ay ) ~ A
- Vo 23 1 N bX] 1
2+ V2 - ng+X¢+ 2 on VEP’XT'

The matrix elements are

A

. - Ghnl

< SKtlepl¥,,> =M, |

Y

A
. - v 23 1
<Stplepl¥s> = V2o 255 | oM,
' An ) i
<SX||ep|¥,,> = |V2-2 M, ,
llepl vl Ao ‘Vg +

<SX ) epl¥,,> =0 ,

and

<SXy|epl¥,s> =

Axn i
2+‘5
A ]

T M
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(A3.2a)

(A3.2b)

(A3.2¢)

(A3.3a)

(A3.3b)

(A3.3¢)

(A3.3d)

(A3.3e)

(A3.3f)
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where M, =<S|ép|P,> =V6M_ ek and M,= <S|éplP,> =

Vam_, e+ ij).

The matrix elements | <c|éplv> | 2 for polanzation || to the [001] stress axis are

A 2

| <SHrlepl¥,>| 2= (2422 M2
(]

1
—A (Ayq)?
= |4+a2-2 4272 Im2 | (A3.42)
A0 (A())2

| <SXylépl¥,,>|%=0, (A3.4b)

and

— A
| <SXplepl¥,;> | 2= |V2-2-=

~ A Ap3)?
I PR R A 23)2 M2 (A3.4c)
l AO (Ao)

The matrix elements | < ¢| &p|v> | ? for polarization | to the [001] stress axis are

2042
Ay |“M2
| <SX | epl¥,,>|2=|V2-222| ==
A, | 2
A (A | M2
= 2-4V2 A” (A”)z = (A3.52)
| <SXt|epl¥,,> | 2=3M2 (A3.5b)

and



| <SXylepl¥, ;> %= |2+

4+

165

(Ap)? [ M2
2 23

A
4\2 2 +
)2 | 2

A3.5
A ( )

Then, the matrix elements | <c|ép|v> |2 for different polarization relative to

E o1

the [001] stress axis (to first order in

o4 [1 8E oon
AO
V2 0
28E o

) are proportional to

(4

(45.8)
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A4. Electron Hole Plasma Photoluminescence Line Shape

The line shape due to band to band transitions has been given by Beeb and

132

Williams'~< as

Rd T A;—» T 2
Ihv)= G Id3kn{jd3k, [-l-———;il'—— p(l?S]] : (A4.1)
nj

. ad .
where G is a constant, k,,(j) are the wave vectors of the electron (hole) in the n'

| AL |2

conduction ( j* valence) band, is the transition probability, and

pK) = p,(k,) p](l?;) is the joint number of carriers per d37<—;d3/?;. The number of
electrons per d3I?,’, in the n conduction band is given by the product of the density

of states and the Fermi function,

E& -1 Ek, !
[1+eB"( (.)-u.)] = [1+ Ba(Eck,) - “~] . (Ad.2a)

@)=
pn n’ = dxl?

n

(27t)3

Similarly, the number of holes per d37<; in the j valence band is given by

p;(k)) = —[ BER) - w) 1] = [ B -k 1] . (A4.2b)
a3 kj (2n)
The transition probability 132
| AL (0}? m
: Tj =1 <O W5,10,> | : 8(hw,u) (A4.3)

[hv - (€, — € )], E,,U)(I?:,(,-)) is the electron (hole) energy,

+ - = h -ig-r s
WQazm—eVEﬁI; 7] \/(nga+l)pgu(hv) aéae d es' P

n
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is the time independent interaction operator, m, is the effective mass of the n2 con-
duction band, Vi), is the volume of the EM field, Q is the photon wave vector
(2nv)2 = ¢2| @ | ). o is the photon polarization index (i.e., unit vectors é, such

that é,ég = 8, g, and d €y =0), ny , is the number of photons with wave vector

2
J and polarization é,, pga(hv) = —hY—3 Ve dQ d(hv) is the density of photon
c

states, and aé» o 18 the creation operator for a photon with wave vector J and polar-
ization é,. Equation A4.3 can be rewritten as

| 47,012 | ax € (ng g+ D) pyethv)

T VEM m,,2 v

x | <& e L7 pld,> |2 .

For far field radiation (relative to EM wavelength), 0 P« 1 and
<9 | e"a'?éu-pld>,,> = <®,| é,plP,>. Considering only the transitions from
the lowest conduction band (n = c) to the two valence subbands (j = 1, 2) in zinc-
blend semiconductors and using the matrix elements given in Appendix A4, the
transition probability is

142,017 | 2n € (nga+ D pgalhv)

T Vem mZ2v

8 (hw,){ ML | (Ad4)

where M_, is a constant, and E,j =1, 3, for j = 1, 2 respectively.
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Using equations A4.4 and A4.2 in equation A4.1,

G dQd(hv) e

— 2
I(hv) = P—— > ngat DM S, (hv) ;&I z (A4.5a)
where
, dN
Z. = Jd%k - v, (A4.5b)
! J " dk €
and
_, dN m>2 8hv - E_(k.) + E (K,
vy, =|d% 35 ‘ ko) + &) . (A4.5¢)

[

To simplify calculations, the following (isotropic and parabolic) energy band

structures are used:

k2
E ()= < ;
c(ke) 2m,
and
o h2k} ' B2k}
Ej(kj) = —Eg - Aj - 2m, = E] = - Eg + A] + 2m]
\ J
E 'E A n k3
=E,=~ + A, + :
2 | & 2 2M2

where m_., m,, and m, are the effect mass of the conduction electron, v1 hole, and

v2 hole, respectively.

- . - - .
For  k-selection, ke +k, + 6 =0. E, can be  wrtten as

- ’ mc d ,
-k, - Q)=-E, - A’ - —E.(k), where A'=A;+

E; 5+ —
m, 2m;c m;

J
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what follows, both the hv dependence of A;” and the energy difference between A’

and A, will be neglected. Since the bands are isotropic, d3l—cz = 4nk 2dk,

m.m;

=2n (2m.)*? i 3 E} dE.. Defining the reduced mass as m,, = ——— and
Tomo+m,
integrating Y, over E_ yields
y om. . 172
- rcy 1/. h
Y. = 7| 32 (hv - E, = A)" f{(hV) f{RV) (A4.6a)
C
where
-1
BT (hv ~ Ey ~ B) - 1)
fihv)y=|1+e ™ (4.4.14a)
and
-1
B,(h (hv-E, -A)+E +4 +)
fhavy= e ™ +1 (4.4.14b)

Using N;ngypVieyp (= N)) to denote the number of holes in the j% valence band,

m 372 h h A ‘A
rcy A% v 2
° J ! ¢ Eg Eg EJ
x M, f{(hv) fhv) (4.4.13)
2 372
2V dQ d(hv) mcc” 2 | 2E, 2
here I, = G — M2,
where /, anh) fic e | mc? Renp Mey

Note that for isotropic parabolic energy band structures, and consistent with
the use of the Fermi function to approximate the carrier distribution, the quasi-

Fermi levels are determined by the following:
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1) conduction electron density,

L [2m ) T E
nC= 3 ‘_2 dE B(E’H) ;
2r° {7 0 l+e™ f

2) v1 hole density,

- 1 2m1 1372 —(E""+ Al)dE '—E _ Eg _ A]
= 5;;2_ h’z ‘ L - e"Bn(E‘Px)+ 1
Y372 'ao
= __]._ _2.'_n..]_ Idx \/; and
AT o 1+ ePmy |

| [2my |2 | B8 /———E—Eg—Az

2n2 | k2 W eHEmw g

[ 1372 .eo
IR Y N PRI
am? (w2 ] o 14ebwd |

where y,; = —(E, + A + |1y) and Y,5 = —(E; + A + W)



AS. Change in the Absorption Coefficient Under Stress

The stress dependent absorption coefficient has been given by Dutta!33 as

h? Cykif + C k?
athv) = A,) d*k & k +——k2— L AL
J 2 w U 2p K+ k2

a|-t ] 2
M, h—z h2
=A,) dky) 2 8l k2 —| A — —k?
Jatf 2 2 [21111 2n "
2 . K.
—Cuki + —C k
2“’_! ™ 2“1 17
T LY
—ky + —k
0,07 o
-1 -1
1 1 1 1 4
where = + + , Ch=—,
Hi m(X)  myX) Hy me (X)  my(X) =3
C, = % and A, = hv — E|. Integration yields

I cirvc | - T
2u, Yoo 2 M 2, !
a(hV) = Aon 2— dk" - 7 .
ALY LAY I A R 2
2“1 i 2“" il
2 C
_ 1 J’ k 2“_IA1 CL Hy
—AO ——2— d ” hz “ y >
ko 1+ 1- Lk
2u 4y | Hy
'
PITHLY
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. ) 1 2md
Making a change of variables ( k| = o) z),
#2 (,‘|| N 24, 2
athv) = g T 214, T [, W w
o IR - h2 W [2m4 22
211_|A1 “u fiz
C
RS W Bt e Y P
20, || 24, f Ciw
=AT || | €Y
d r ! P Ba Y I
Hy
u “u ~ 11,2
4n .1 2K 2 Hy 3C, 1 C, u
=A,— (A)* — —2 d
3 h ) 1] 2
RaURUE' P
1
372 1
an 2u, u 1+ (4u - 1)z22
=A,— (AP == Z)dz
°3 : K2 2{) 1+ (u = 1)z2
(X
where u = —Hﬂ——)
M (X)

Note that without stress, WX =0 =p,X =0)=y,, p;'=m’"'+m;’

(where m, is the conduction band effective mass and m, is the v1 valence band

effective mass). Therefore, u = 1, and
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4 (2n, 1%}
n .
a,(hv) = ,40—3—(A")/I hzo Ejdz [1 + 322]
| )}
1372
- 41t ) '/l 2“’0
_'1"T(A ) o] .

where A° = hv — Eg.

From this, the change in the absorption coefficient as a function of stress is
given by

Ax) |

AO

Aa(hv, X) = 2 , (4.59)

where Aj(X) = A° - AE__,(X).
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A6. Effective Lifetime

Defining T, by p(t,;) = e,

-1
Py =e’ = [(1+by) et - b,,] ,
Rearranging,
eAt'” = .f.+__.bA_ .
1+ b,
Taking the log.
4 | e+ b,
T = —
ff =M T+ b,

Rearranging, yields

(4.5.10a)

Ae+b]

Tor = — |
f T 4 "ITA+0b
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